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Die Fähigkeit chemische und damit auch olfaktorische Signale zu detektieren ist eine Grundvoraussetzung 
in der Orientierung der meisten Tierarten. Besondere Bedeutung für die Kommunikation zwischen 
Individuen einer Spezies spielen hierbei Pheromone, die z. B. dem Anlocken des Geschlechtspartners 
dienen. Gut untersucht sind die Pheromonwahrnehmung und auch die Pheromonproduktion in nacht- und 
tagaktiven Lepidopteren. Weibchen von Manduca sexta (Johannson) (Lepidoptera: Sphingidae) geben 
während ihrer Aktivitätsphase in der Nacht gepulste Pheromonsignale ab, die von den Männchen mit 
pheromonsensitiven Trichoidsensillen des Typs I detektiert werden. Diese hoch spezialisierten Sensillen 
befinden sich in großer Anzahl auf dem Flagellum der Antennen (Sanes und Hildebrand 1976) und 
ermöglichen es den Männchen die Pheromonquelle über große Entfernungen aufzuspüren. Jedes 
Trichoidsensillum besteht aus zwei olfaktorischen Rezeptorneuronen (ORNs), die für verschiedene 
Komponenten des Pheromongemisches sensitiv sind und aus drei nicht-neuronalen akzessorischen Zellen, 
die unterschiedliche Aufgaben innerhalb des Sensillums besitzen (Lee und Straussfeld 1990). Wie jedes 
sensorische System können auch ORNs von M. sexta auf verschiedene Duftstärken adaptieren oder 
sensitisieren. Einige Studien zeigten, dass die Konzentration von zyklischem Guanosinmonophosphat 
(cGMP) nach langen und starken Pheromonreizen in Antennenhomogenisaten und einzelnen 
pheromonsensitiven ORNs ansteigt (Ziegelberger et al. 1990; Boekhoff et al. 1993; Stengl et al. 2001). 
Deshalb wird angenommen, dass cGMP in Adaptationsprozessen von ORNs von Insekten eine 
entscheidende Rolle spielt. Weiterhin gibt es zahlreiche Studien die belegen, dass das biogene Amin 
Oktopamin (OA) in Sensitisierungsprozessen auf Ebene einzelner Trichoidsensillen mehrerer 
Lepidopterenarten (Pophof 2000, 2002) und in der Erhöhung der Sensitivität für Pheromon auf der 
Verhaltensebene beteiligt ist (Linn Jr and Roelofs 1986; Linn Jr et al. 1992). Die genauen molekularen 
Grundlagen dieser Modulationsmechanismen sind jedoch noch ungeklärt. Das Verhalten vieler 
Lepidopterenarten weist zudem tageszeitliche Rhythmen auf, die durch circadiane Schrittmacher 
kontrolliert werden. Dies betrifft die Pheromonproduktion, die Abgabe der Pheromone und auch die 
Sensitivität der Männchen für das Pheromon (Rosén 2002; Rosén et al. 2003). Für M. sexta wurde gezeigt, 
das die Pheromonabgabe der Weibchen im letzten Drittel der Nacht ihr Maximum erreicht (Itagaki und 
Conner 1988) und somit mit der maximalen Flugaktivität der Männchen korreliert (Sasaki und Riddiford 
1984). Gesteuert werden die Rhythmen in der Pheromonsensitivität mit großer Wahrscheinlichkeit über 
tageszeitliche Veränderungen der OA-Konzentration in der Hämolymphe, da gezeigt wurde, dass Anstiege 
in der OA-Konzentration mit einer Erhöhung der Pheromonsensitivität korrelieren (Linn Jr et al. 1996). 
Da die meisten OA-Rezeptoren positiv an Adenylylzyklasen gekoppelt sind (Farooqui 2007), ist weiterhin 
anzunehmen, dass zumindest ein Teil der OA-Effekte über Anstiege der Konzentration von zyklischem 
Adenosinmonophosphat (cAMP) vermittelt werden. In dieser Arbeit sollte in erster Linie geklärt werden, 
ob auch in der Peripherie, auf Ebene einzelner ORNs tageszeitliche Unterschiede in der Sensitivität für 
Pheromone auftreten. Weiterhin sollte der Einfluss von zyklischen Nukleotiden und biogenen Aminen auf 
die Pheromontransduktion und deren Beteiligung an der tageszeitabhängigen Modulation der 
Pheromonsensitivität untersucht werden. Hierfür wurden extrazelluläre Langzeitableitungen von einzelnen 
Trichoidsensillen, sogenannte Tip Recordings, durchgeführt. Dabei wird eine mit einer Elektrolytlösung 
gefüllte Glaskapillare über ein einzelnes, zuvor gestutztes, Sensillenhaar gestülpt und somit die elektrische 
Aktivität des Trichoidsensillums abgeleitet. Die Sensillen wurden während der dreistündigen Ableitungen 
in Intervallen von 5 Minuten mit der Hauptkomponente des Pheromongemisches Bombykal (BAL) über 
ein Druckluftsystem stimuliert. Die Antworten auf BAL-Stimulation und die spontane Aktivität der ORNs 
wurden digitalisiert und später ausgewertet. Um tageszeitliche Unterschiede in der Pheromonsensitivität 
und in den Effekten der biogenen Amine untersuchen zu können, wurden die Ableitungen zu drei 
unterschiedlichen Zeitgeberzeiten (ZTs) durchgeführt, wobei ein Zeitfenster das Ende der Dunkelphase 
und die beiden anderen jeweils den Beginn und die Mitte des Tages abdeckten. OA, dessen 
Vorläufersubstanz Tyramin (TA), cGMP und cAMP wurden durch Perfusion der Sensillenlymphe über 




Kapitel 1: Die Perfusion mit einem cGMP-Analogon adaptiert die Aktionspotentialantwort 
von pheromonsensitiven Trichoidsensillen des Tabakschwärmers Manduca sexta 
tageszeitabhängig. (Perfusion with cGMP analogue adapts the action potential response of pheromone-sensitive 
sensilla trichoidea of the hawkmoth Manduca sexta in a daytime-dependent manner.) 
 
Es wird angenommen, dass cGMP in Adaptationsmechanismen von ORNs von Vertebraten und 
Invertebraten involviert ist. So wurde gezeigt, dass nach langen adaptierenden Reizen die Konzentration 
von cGMP in Antennenhomogenisaten von Antheraea polyphemus und Bombyx mori ansteigt, ebenso wie 
in einzelnen ORNs von Manduca sexta (Ziegelberger et al. 1990; Boekhoff et al. 1993; Stengl et al. 2001). 
Weiterhin reduzierte die Perfusion von isolierten Antennen von B. mori mit einem cGMP-Analogon das 
Sensillenpotential (SP) und die Aktionspotentialfrequenz in Antworten auf Pheromonstimulation 
(Redkozubov 2000). Dieser Effekt entspricht einem Typ der Langzeitadaptation, welcher in Ableitungen 
von einzelnen pheromonsensitiven Trichoidsensillen von M. sexta beschrieben wurde (Dolzer et al. 2003). 
Zudem weist die Pheromonwahrnehmung vieler männlicher Lepidopteren tageszeitabhängige 
Schwankungen in der Sensitivität für das von den Weibchen abgegebene Pheromon auf. Für die 
nachtaktiven M. sexta wurde gezeigt, dass die Weibchen das Pheromon hauptsächlich im letzten Drittel 
der Dunkelphase abgeben und zudem die Maxima in der männlichen Flugaktivität mit der Phase der 
Pheromonabgabe korrelieren (Sasaki und Riddiford 1984; Itagaki und Conner 1988). Um auf der einen 
Seite den Einfluss von cGMP auf die Pheromontransduktion von Trichoidsensillen von M. sexta zu 
untersuchen und weiterhin tageszeitliche Unterschiede in den cGMP-Effekten zu analysieren, wurden 
Langzeitableitungen von einzelnen Trichoidsensillen zu zwei unterschiedlichen ZTs durchgeführt. ZT 1-4 
ist der Beginn der Hellphase, in dem die Tiere langsam von der aktiven in die inaktive Phase übergehen. 
ZT 8-11 befindet sich etwa in der Mitte des subjektiven Tages, wenn die Tiere hauptsächlich inaktiv sind. 
Die pheromonsensitiven Trichoidsensillen wurden während der dreistündigen Ableitungen in Intervallen 
von 5 Minuten mit der Hauptkomponente des Pheromongemisches BAL stimuliert (Dosis 10 µg BAL, 
Stimulusdauer 50 ms). Diese Art der Stimulation ist nicht adaptierend.  
Die Perfusion der Sensillenlymphe mit 10 mmol-1 des membrangängigen cGMP-Analogons 8-
bromo cGMP (8bcGMP) verringerte die Anfangsaktionspotentialfrequenz in Antworten auf BAL-
Stimulation signifikant in Ableitungen bei ZT 1-4 und ZT 8-11, wobei die 8bcGMP-abhängige Abnahme 
bei ZT 8-11 um 12 % stärker war als bei ZT 1-4. Die Perfusion mit 8bcGMP hatte jedoch keinen Einfluss 
auf die Generierung des SPs, wie der stabile Zeitverlauf der SP-Amplitude in Ableitungen während beider 
ZTs beweist. Weiterhin wurde durch den Einfluss von 8bcGMP die Amplitudenreduktion von 
Aktionspotentialen in Pheromonantworten abgeschwächt, dies jedoch ausgeprägt nur in Ableitungen bei 
ZT 8-11. Ein weiteres wichtiges Ergebnis dieser Arbeit stellen die Effekte von 8bcGMP auf die 
Verteilung von Aktionspotentialen in den Pheromonantworten dar. Während in den Kontrollen bei ZT 1-4 
eine leichte Verschiebung hin zu mehr tonischen Antworten und eine leichte, aber signifikante Abnahme 
in der Anzahl der Aktionspotentiale in den ersten 100 ms der Antworten festgestellt werden konnte, war 
dieser Effekt für Ableitungen bei ZT 8-11 wesentlich stärker ausgeprägt. Der schwache Effekt bei ZT 1-4 
und die starke Verschiebung von phasischen zu mehr tonischen Aktionspotentialantworten und die 
mehrfach stärkere Abnahme in der Anzahl der Aktionspotentiale in den ersten 100 ms bei ZT 8-11 deuten 
darauf hin, das dieser Effekt einen weiteren endogenen Adaptationsmechanismus darstellen könnte. Zwar 
wurde unter dem Einfluss von 8bcGMP eine Verschiebung in der Aktionspotentialverteilung hin zu mehr 
tonischen Antworten und eine signifikante Abnahme in den Aktionspotentialen in den ersten 100 ms nur 
bei ZT 8-11 gefunden, doch war der  8bcGMP-abhängige Effekt wesentlich stärker als in der assoziierten 
Kontrolle. Weiterhin veränderte 8bcGMP die Form spontaner Aktionspotentiale von nicht stimulierten 
ORNs. Nach Injektion von 8bcGMP in die Hämolymphe während Langzeitableitungen von einzelnen 
Trichoidsensillen vergrößerte sich die maximale Aktionspotentialamplitude beider Aktionspotential-
klassen und die Repolarisationsphase der Aktionspotentiale wurde verlängert.  
Unsere Ergebnisse zeigen deutlich, dass cGMP auch in ORNs von M. sexta an der 
Langzeitadaptation der Pheromontransduktion beteiligt ist. 8bcGMP hatte jedoch nur einen Einfluss auf 
die Aktionspotentialantwort, was unsere Ergebnisse von anderen Untersuchungen unterscheidet. Die 
Abnahme in der Aktionspotentialfrequenz und die Verlängerung der Repolarisationsphase spontaner 
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Aktionspotentiale kann durch das Öffnen von zyklisch-nukleotid-abhängigen K+-Kanälen erklärt werden. 
Auch die Abschwächung der Amplitudenreduktion in den BAL-Antworten und der Anstieg der 
maximalen Aktionspotentialamplitude spontaner Aktionspotentiale kann durch ein Schließen von cGMP-
sensitiven K+-Kanälen und der damit einhergehenden Zunahme des Präparatewiderstandes erklärt werden. 
Wir nehmen an, dass starke oder lange Pheromonstimuli zu einem Anstieg der intrazellulären Ca2+-
Konzentration führen, welche wiederum einen Anstieg der cGMP-Konzentration zur Folge hat. Die 
Erhöhung des cGMP-Niveaus führt dann zum Schließen der schnellen BAL- und cGMP-abhängigen K+-
Kanäle, welche von früheren Patch-Clamp-Ableitungen von kultivierten ORNs bekannt sind (Zufall et al. 
1991; Dolzer 2002). Besonders bemerkenswert an den Resultaten dieser Arbeit sind die 
tageszeitabhängigen Effekte von 8bcGMP. Egal, ob auf die Abnahme der Aktionspotentialfrequenz, der 
Abnahme der Amplitudenreduktion oder auf die Abnahme der Aktionspotentiale in den ersten 100 ms der 
Antworten, 8bcGMP hatte einen wesentlich stärkeren Effekt bei ZT 8-11 als bei ZT 1-4. Außerdem 
könnte die endogene Verschiebung der Aktionspotentialverteilung in den Kontrollableitungen bei ZT 1-4 
und ZT 8-11 hin zu mehr tonischen Antworten auf einen weiteren Adaptationsmechanismus hindeuten, 
der durch die Applikation von exogenem cGMP zudem noch verstärkt wurde. Es wurde gezeigt, das 
ORNs mit tonischen Antworten nicht in der Lage sind gepulste Pheromonsignale mit höheren Frequenzen 
aufzulösen (Kodadová 1996), wie es für ein erfolgreiches Auffinden der Pheromonquelle notwendig ist. 
Ob der Adaptation auf Ebene der Aktionspotentialverteilung in den Antworten ein endogener Anstieg der 
cGMP-Konzentration während der Photophase zugrunde liegt, muss noch untersucht werden. 
 
 
Kapitel 2: Oktopamin und Tyramin modulieren pheromonsensitive olfaktorische Sensillen 
des Tabakschwärmers Manduca sexta tageszeitabhängig. (Octopamine and tyramine modulate 
pheromone-sensitive olfactory sensilla of the hawkmoth Manduca sexta in a time-dependent manner.) 
 
In zahlreichen Studien wurde gezeigt, dass das biogene Amin OA, welches in Insekten als 
Neuromodulator, Neurohormon und Neuromediator fungiert, die Pheromonsensitivität männlicher 
Lepidopteren in Verhaltensversuchen erhöht (Linn Jr and Roelofs 1986, 1992; Linn Jr et al. 1992). Zudem 
wurde für M. sexta und auch für Trichoplusia ni gezeigt, dass die OA-Konzentration in der Hämolymphe 
über den Tagesverlauf Schwankungen aufweist, welche durch circadiane Schrittmacher kontrolliert 
werden (Lehmann 1990; Linn Jr et al. 1994, 1996). Interessanterweise korrelieren dabei hohe OA-
Konzentrationen in der Hämolymphe mit einer erhöhten Bewegungsaktivität, aber auch mit einer erhöhten 
Sensitivität für Pheromon. In M. sexta wurden während der Dunkelphase, in der das Paarungsverhalten 
und die Pheromonabgabe stattfinden, hohe Konzentrationen von OA in der Hämolymphe gemessen. 
Während in der Photophase, in der der Großteil der Tiere inaktiv ist, wesentlich geringere OA-
Konzentrationen festgestellt wurden (Lehman 1990). Weiterhin wurde gezeigt, das OA eine 
tageszeitabhängig unterschiedliche Wirkung besitzt, führte es in Verhaltensversuchen nur dann zu einer 
Zunahme in der Pheromonsensitivität, wenn es während der Hellphase, aber nicht während der 
Dunkelphase injiziert wurde (Linn Jr and Roelofs 1986, 1992; Linn Jr et al. 1992). Um tageszeitabhängige 
Unterschiede in der Pheromonsensitivität der ORNs und tageszeitabhängige Effekte von OA und seiner 
Vorläufersubstanz TA auf die Pheromontransduktion zu untersuchen, wurden Langzeitableitungen von 
einzelnen Trichoidsensillen von M. sexta zu drei unterschiedlichen ZTs (ZT 22-1, ZT 1-4 und ZT 8-11; 
ZT 0 = Licht an) durchgeführt. ZT 22-1 umfasst die beiden letzten Stunden der Dunkelphase und die erste 
Stunde der Hellphase, während ZT 1-4 und ZT 8-11 den Beginn bzw. die Mitte der Hellphase abdecken. 
Um Phasenverschiebungen der circadianen Schrittmacher zu verhindern, wurden die komplette 
Präparation und die Ableitung in der Dunkelphase unter Rotlichtbedingungen durchgeführt. OA und TA 
wurden mit einer Konzentration von 10 mmol l-1 durch Perfusion über die Ableitelektrode appliziert. Um 
endogene OA-Effekte zu blockieren, wurde zudem in Versuchen bei ZT 22-1 und ZT 8-11 der OA-
Rezeptor-Antagonist Epinastin (EPI) eingesetzt. Die Sensillen wurden während des Ableitzeitraums von 
180 Minuten mit der Hauptkomponente des Pheromongemisches BAL (Dosis 10 oder 1 µg, Stimulusdauer 
50 ms) in Intervallen von 5 Minuten stimuliert.  
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Die Perfusion mit OA führte zu einer Zunahme der Sensillenpotentialamplitude (SP-Amplitude) in 
Ableitungen bei ZT 1-4 und ZT 8-11, wobei der OA-abhängige Anstieg bei ZT 8-11 um das 9.74-fache 
stärker war. Auch TA erhöhte die SP-Amplitude, jedoch nur in Ableitungen bei ZT 8-11 und zudem war 
der OA-abhängige Anstieg um das 2.5-fache stärker. Weiterhin erhöhten OA und TA die normalisierte 
Aktionspotentialfrequenz jedoch nur in Ableitungen bei ZT 8-11. Um die absoluten Effekte der biogenen 
Amine bestimmen zu können, wurde die mittlere Aktionspotentialfrequenz für die drei betroffenen ZTs 
ermittelt. In den Kontrollen mit 10 und 1 µg BAL Stimulation wurde bei ZT 8-11 eine im Vergleich zu ZT 
22-1 signifikant niedrigere mittlere Aktionspotentialfrequenz gemessen, was auf eine endogene 
Adaptation der ORNs in der Photophase hinweist. Die Perfusion mit OA und TA wirkte der Abnahme bei 
ZT 8-11 entgegen. Weiterhin wurden Effekte auf die Verteilung der Aktionspotentiale in den BAL-
Antworten gefunden. Während in den Kontrollen bei ZT 8-11 eine deutliche Verschiebung von 
phasischen hin zu tonischen Antworten und eine signifikante Abnahme der Aktionspotentiale in den ersten 
100 ms gefunden wurde, führte die Applikation von OA und TA zur Aufhebung dieses 
Adaptationsprozesses während der Photophase. Außerdem verstärkte OA, jedoch nicht TA, die 
Amplitudenreduktion in Ableitungen bei ZT 8-11. Weiterhin erhöhte OA, aber nicht TA, die normalisierte 
spontane Aktionspotentialfrequenz bei ZT 8-11 durch geringfügige Verlängerung der Bursts und durch 
Anstiege in der Anzahl der Bursts, wobei sich der Prozentsatz von Aktionspotentialen die als Teil eines 
Bursts auftraten erhöhte. Die Perfusion mit EPI reduzierte die normalisierte Aktionspotentialfrequenz in 
Ableitungen bei ZT 8-11 innerhalb einer Stunde beinahe vollständig, hatte jedoch keinen signifikanten 
Effekt auf die SP-Amplitude. Bei ZT 22-1 führte die Applikation von EPI mit einer 10-fach höheren 
Konzentration als bei ZT 8-11 nur zu einer schwachen Abnahme der Aktionspotentialfrequenz. EPI 
verringerte zudem die spontane Aktionspotentialfrequenz in Ableitungen bei ZT 22-1 und bei ZT 8-11, 
wobei beide Effekte in ihrer Stärke relativ ähnlich waren. Zusätzlich führte die Applikation von EPI bei 
ZT 22-1 zu einer Verschiebung von phasischen hin zu tonischen Aktionspotentialantworten und zu einer 
signifikanten Abnahme der Aktionspotentiale in den ersten 100 ms der BAL-Antworten. Dieser EPI-
abhängige Effekt trat auch in Ableitungen bei ZT 8-11 auf, war jedoch wesentlich stärker ausgeprägt.  
In dieser Studie zeigten wir zum ersten Mal, das pheromonsensitive ORNs von Manduca sexta 
während der Photophase auf Ebene der Aktionspotentialfrequenz adaptieren und das die Perfusion mit OA 
und TA zur Disadaptation der ORNs während der Photophase führt. Nach Applikation von OA öffnen 
vermutlich vermehrt Kanäle im Dendriten, was den Anstieg der SP-Amplitude und der 
Aktionspotentialfrequenz bedingt. Hierdurch lässt sich auch die Zunahme der Amplitudenreduktion der 
Aktionspotentiale in den BAL-Antworten erklären, da einhergehend mit dem vermehrten Öffnen von 
Ionenkanälen auch der Präparatewiderstand abnimmt. Weiterhin ist davon auszugehen, dass der Rezeptor 
über den der OA-Effekt vermittelt wird, eher ein OA- als ein TA-Rezeptor ist. Zum einen ist die größte 
Zahl von OA-Rezeptoren im Gegensatz zu TA-Rezeptoren positiv an Adenylylzyklasen gekoppelt 
(Farooqui 2007) und zweitens war der Effekt von OA weitaus stärker als der TA-Effekt. Zudem wurde in 
Antennen von M. sexta ein alpha-adrenerg-ähnlicher OA-Rezeptor nachgewiesen (Dacks et al. 2006). Für 
diesen Typ Rezeptor wurde gezeigt, dass er die intrazelluläre Konzentrationen von cAMP und Ca2+ erhöht 
und außerdem eine höhere Affinität für OA als für TA besitzt. Die fehlenden Effekte von EPI auf die SP-
Amplitude und die Unterschiede in den OA- und TA-Effekten weisen außerdem darauf hin, das mehrere 
unterschiedliche OA oder OA/TA-Rezeptoren an der Steuerung der Pheromonsensitivität beteiligt sein 
können. Besonders merkenswert in dieser Studie waren wiederum die tageszeitabhängigen Effekte. Die 
Perfusion mit OA zeigte nur bei ZT 8-11 eine starke Wirkung, war aber in der Dunkelphase bei ZT 22-1 
wirkungslos. Demnach ist die Applikation von OA nur dann effektiv, wenn in der Hämolymphe eine 
geringe OA-Konzentration vorliegt, wie es bei ZT 8-11 der Fall ist. Interessanterweise korrelieren die 
gezeigten Veränderungen in der OA-Hämolymphkonzentration mit der Stärke der OA-Effekte, aber auch 
mit der Sensitivität der ORNs, konnten wir doch zeigen das die mittlere Aktionspotentialfreuqenz in den 
Antworten bei ZT 8-11 wesentlich geringer ist als bei ZT 22-1. Das Fehlen eines Effektes während der 
Dunkelphase könnte dadurch bedingt sein, dass die OA-Rezeptoren während hoher OA-Konzentrationen 
adaptieren oder dass ein anderer Mechanismus, wie die tageszeitlich bedingte Veränderung in der Anzahl 
von Pheromonrezeptoren, dem OA-Effekt entgegenwirkt. Weiterhin beeinflusste OA die Fähigkeit von 
ORNs Pheromonpulse zeitlich aufzulösen. Es ist bekannt, dass ORNs die Pheromonantworten mit einer 
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tonischen Aktionspotentialverteilung generieren wesentlich geringere Frequenzen des gepulsten 
Pheromonsignals auflösen können (Almaas et al. 1991; Kodadová 1996). Erstens wirkten OA und TA der 
endogenen Verschiebung hin zu mehr tonischen Aktionspotentialantworten bei ZT 8-11 entgegen und 
zweitens wurden in Ableitungen bei ZT 22-1, wenn hohe endogene OA-Konzentrationen vorlagen, 
durchweg phasische Aktionspotentialantworten gemessen. Wir nehmen an, dass ein gewisses Niveau von 
OA in der Hämolymphe vorliegen muss, damit starke Reizanworten mit einer phasischen 
Aktionspotentialverteilung generiert werden können. Diese Annahme wird außerdem dadurch bestätigt, 
dass die Applikation von EPI bei ZT 8-11 aber auch bei ZT 22-1 zu einer Verschiebung zu mehr tonischen 
Antworten geführt hat und zudem die Aktionspotentialfrequenz bei ZT 8-11 stark und bei ZT 22-1 leicht 
herabgesetzt wurde. Wir zeigten außerdem, dass OA die spontane Aktionspotentialaktivität durch 
Verlängerung der Bursts und durch Verringerung der Interburst-Intervalle erhöht. Unsere Ergebnisse 
stützen damit andere Untersuchungen (Olianas et al. 2005), die belegen, dass die OA-abhängigen Effekte 
auf das spontane Burstverhalten ein generelles Charakteristikum von OA in verschiedenen Geweben 
darstellt. Da die spontane Aktionspotentialaktivität in dieser Untersuchung zwischen den Reizen gemessen 
wurde und zudem in den Kontrollen eine leichte Abnahme der spontanen Aktionspotentialfrequenz 
auftrat, kann von einer temporären Adaptation der spontanen Aktionspotentialaktivität bei ZT 8-11 
ausgegangen werden. Da OA diese Adaptation aufhebt und die spontane Aktivität bei ZT 8-11 erhöht, 
bestätigt dies unsere Hypothese, dass OA ORNs disadaptiert und nicht sensitisiert. Schlussfolgernd 
stellten wir die Hypothese auf, das OA obligatorisch für die Detektion von gepulsten Pheromonsignalen 
zu jeder ZT ist. 
 
 
Kapitel 3: Die Perfusion mit einem cAMP-Analogon beeinflusst pheromonsensitive 
Trichoidsensillen des Tabakschwärmers Manduca sexta tageszeitabhängig. (Perfusion with 
cAMP analogue affects pheromone-sensitive trichoid sensilla of the hawkmoth Manduca sexta in a time-dependent 
manner.) 
 
Es wurde gezeigt, dass der second messenger cAMP in Vertebraten sowie in Invertebraten an 
olfaktorischen Prozessen beteiligt ist. Während die Rolle von cAMP in der Transduktion von ORNs von 
Vertebraten gut untersucht ist, ist die Bedeutung von cAMP für die Transduktions- und 
Modulationsmechanismen von ORNs von Insekten weitestgehend ungeklärt. So wurde z. B. nach 
Perfusion mit cAMP in Antennen von A. polyphemus eine Erhöhung der Amplituden von 
Elektroantennogrammen (EAGs) auf Pheromonstimulation gemessen (Villet 1978). In Drosophila 
melanogaster führte die Überexpression des dunce-Gens, welche eine Phosphodiesterase kodiert, zu 
Veränderungen in EAGs (Martín et al. 2001) und zu einer Abnahme der Empfindlichkeit für Ethanol in 
Verhaltensversuchen (Gomez-Diaz et al. 2004). Weiterhin wurde gezeigt, dass cAMP an einer 
Verstärkung von schwachen Duftsignalen über eine cAMP-abhängige Aktivierung des ubiquitären 
olfaktorischen Rezeptors (OR) OR83b beteiligt ist (Wicher et al. 2008). Zudem zeigten wir in Kapitel 2, 
dass OA pheromonsensitive ORNs von M. sexta tageszeitabhängig disadaptiert (Farooqui 2007, Flecke 
and Stengl 2009). Da die meisten OA-Rezeptoren unter anderem positiv an Adenylylzyklasen gekoppelt 
sind, ist die Wahrscheinlichkeit sehr hoch, das zumindest ein Teil der OA-abhängigen Effekte über 
Anstiege in der cAMP-Konzentration vermittelt wird. Um zu untersuchen, ob cAMP an der Transduktion 
von pheromonsensitiven Trichoidsensillen beteiligt ist und um die Rolle von cAMP in der 
tageszeitabhängigen Modulation der Sensitivität von ORNs von M. sexta zu klären, wurden extrazelluläre 
Langzeitableitungen von einzelnen Trichoidsensillen zu drei unterschiedlichen ZTs durchgeführt (ZT 22-
1, ZT 1-4 und ZT 8-11). Die Ableitungen innerhalb der Dunkelphase wurden dabei unter 
Rotlichtbedingungen durchgeführt. Das membrangängige cAMP-Analogon 8-bromo cAMP (8bcAMP) 
wurde in einer Konzentration von 10 mmol l-1 durch Perfusion über die Ableitelektrode mit Beginn der 
Ableitungen appliziert. Die Trichoidsensillen wurden während der Ableitdauer von 180 Minuten mit der 
Hauptkomponente des Pheromongemisches BAL in Intervallen von 5 Minuten stimuliert (Dosis 10 oder 1 
µg BAL, Stimulusdauer 50 ms).  
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Die Perfusion mit 8bcAMP erhöhte die normalisierte SP-Amplitude in Ableitungen mit 10 und 1 
µg BAL Stimulation bei ZT 1-4 und ZT 8-11 aber nicht bei ZT 22-1. Im Gegensatz dazu hatte 8bcAMP 
keinen Effekt auf die normalisierte Aktionspotentialfrequenz. Um die absoluten 8bcAMP-Effekte 
bestimmen zu können, wurde die mittlere SP-Amplitude und die mittlere Aktionspotentialfrequenz über 
die absoluten Werte für jede ZT berechnet. In den Kontrollen mit 10 µg BAL Stimulation wurde dabei 
während der Photophase bei ZT 1-4 und ZT 8-11 eine wesentlich niedrigere SP-Amplitude gemessen als 
bei ZT 22-1. Die Applikation von 8bcAMP in Ableitungen mit 10 µg BAL Stimuli erhöhte die mittlere 
SP-Amplitude bei ZT 1-4 und ZT 8-11, während in Ableitungen mit 1 µg BAL nur bei ZT 1-4 eine 
Zunahme der mittleren SP-Amplitude, bei ZT 8-11 jedoch eine Abnahme ermittelt wurde. Auch auf Ebene 
der mittleren Aktionspotentialfrequenz wurde, wie früher gezeigt, in den Kontrollen bei ZT 8-11 eine im 
Vergleich zu ZT 22-1 wesentlich niedrigere Aktionspotentialfrequenz gemessen. Die Perfusion mit 
8bcAMP führte bei ZT 1-4 in Ableitungen mit beiden BAL-Dosen zu einer signifikanten Zunahme der 
mittleren AP-Frequenz, konnte jedoch die endogene Abnahme bei ZT 8-11 nicht kompensieren. Auch auf 
die Aktionspotentialverteilung in den Antworten hatte 8bcAMP nur marginale Effekte. Weder auf die 
signifikanten Abnahmen in der Anzahl der Aktionspotentiale in den ersten 100 ms der Antworten bei ZT 
1-4 und ZT 8-11 noch auf die starke endogene Verschiebung von phasischen zu tonischen BAL-
Antworten bei ZT 8-11 hatte 8bcAMP einen Einfluss. Weiterhin erhöhte 8bcAMP die normalisierte 
spontane Aktionspotentialfrequenz, jedoch nur bei ZT 8-11 und nur in Ableitungen mit 1 µg BAL 
Stimulation. Um die absoluten Effekte auf die spontane Aktionspotentialaktivität zu untersuchen, wurde 
die mittlere spontane Aktionspotentialfrequenz über die absoluten Werte für die drei unterschiedlichen 
ZTs ermittelt. In den Kontrollen mit 10 und 1 µg BAL kam es zu signifikanten Abnahmen in der mittleren 
spontanen Aktionspotentialfrequenz bei ZT 1-4 und ZT 8-11. Die Perfusion mit 8bcAMP wirkte diesem 
endogenen Effekt entgegen, wurden zwischen den drei ZTs doch keine signifikanten Unterschiede in 
Ableitungen mit beiden BAL-Dosen gefunden. Die Applikation von 1 mmol l-1 OA führte bei ZT 1-4 auch 
zu einer Kompensation der Abnahme, erhöhte jedoch bei ZT 8-11 die mittlere spontane 
Aktionspotentialfrequenz. Auch in der mittleren Anzahl der Bursts pro bin und der Aktionspotentiale pro 
bin kam es in den Kontrollableitungen mit 10 und 1 µg BAL zu signifikanten Abnahmen bei ZT 8-11 und 
für Ableitungen mit 1 µg BAL auch bei ZT 1-4. Die Perfusion mit 8bcAMP kompensierte diese 
Verschiebung zu niedrigeren Werten in Ableitungen mit 10 und 1 µg BAL Stimulation. Auch die 
Applikation von OA führte bei ZT 1-4 ebenfalls zu einer Aufhebung der Adaptation, erhöhte jedoch bei 
ZT 8-11 die mittlere Anzahl der Bursts pro bin und der Aktionspotentiale pro bin, wobei die Zunahme der 
Bursts um das 1.4-fache stärker war.  
Mit dieser Arbeit zeigten wir zum ersten Mal dass cAMP an der tageszeitlich gesteuerten 
Modulation der Pheromontransduktion auf Ebene einzelner ORNs beteiligt ist. Unsere Ergebnisse 
bestätigen die Annahme, dass die OA-Effekte zumindest zum Teil über die Aktivierung einer 
Adenylylzyklase vermittelt werden. 8bcAMP könnte demnach entweder direkt über eine Interaktion mit 
der cAMP-sensitiven Bindestelle am OR83b wirken (Wicher et al. 2008) oder aber indirekt über eine 
Protein-Kinase A Ionenkanäle phosphorylieren, die an der Generierung des SPs beteiligt sind. Weiterhin 
ist ein indirekter Effekt über die in den akzessorischen Zellen befindlichen V-ATPasen möglich (Klein 
und Zimmermann 1991; Klein 1992). So könnte deren cAMP-abhängige Aktivierung zu einem Anstieg 
der K+-Konzentration in der Sensillenlymphe führen, welche die Driving Force für das SP und damit 
dessen maximale Amplitude erhöht. Auf der anderen Seite gibt es jedoch auch starke Unterschiede in der 
Wirkung von 8bcAMP und OA. Im Gegensatz zu OA hatte 8bcAMP keinen Einfluss auf die normalisierte 
Aktionspotentialfrequenz und kompensierte nicht die endogene Abnahme der mittleren 
Aktionspotentialfrequenz bei ZT 8-11. Auch auf die Verteilung von Aktionspotentialen in den BAL-
Antworten und deren Verschiebung hin zu mehr tonischen Antworten bei ZT 8-11 hatte 8bcAMP keine 
Wirkung. Besonders bemerkenswert ist, dass der Anstieg in der normalisierten SP-Amplitude nicht in 
einen Anstieg der normalisierten Aktionspotentialfrequenz umgesetzt wurde. Wir nehmen an, das der 
8bcAMP-abhängige Anstieg der SP-Amplitude entweder nicht am Aktionspotentialgenerator ankommt 
oder aber ein zusätzlicher Adaptationsmechanismus (Dolzer et al. 2003) dem Anstieg der 
Aktionspotentialfrequenz entgegenwirkt. So könnte z. B. die Aktivierung eines hyperpolarisations- und 
zyklisch-nukleotid-gesteuerten Ih Stroms zu einer lokalen Abnahme des Eingangswiderstandes (Dibattista 
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et al. 2008) führen, was zu einer Abschwächung des Rezeptorpotentials während dessen Weiterleitung 
führen könnte. Weiterhin ist denkbar, das OA einen zweiten zusätzlichen Signalweg aktiviert, in dem eine 
Erhöhung der intrazellulären Ca2+-Konzentration die Generierung von Aktionspotentialen verstärkt. 
Wobei es jedoch wahrscheinlich ist, das diese Art der Sensitisierung nur an einer langsamen Modulation, 
aber nicht an schnellen Pheromondosis-abhängigen Veränderungen beteiligt ist. Ein weiterer Unterschied 
in der Wirkung von OA und 8bcAMP zeigte sich in deren Effekt auf die spontane 
Aktionspotentialaktivitiät. Während OA vor allem das Burstverhalten der ORNs über eine Zunahme der 
Bursts und über die Verlängerung der Bursts beeinflusste, hatte die Perfusion mit 8bcAMP eine 
gleichstarke Zunahme in der Anzahl der Bursts und der einzeln auftretenden Aktionspotentiale zur Folge. 
Der 8bcAMP-abhängige Effekt kann durch die Aktivierung von Ih-Kanälen und eine damit einhergehende 
Verschiebung des Ruhepotentials zu positiveren Werten erklärt werden (Dibattista et al. 2008). Dadurch 
würden mehr Depolarisationen den Schwellenwert übersteigen. Weiterhin ist eine direkte 
Wechselwirkung mit der cAMP-sensitiven Bindestelle des OR83b möglich (Wicher et al. 2008), wodurch 
die Zahl der Depolarisationen erhöht würde. Die physiologische Bedeutung der Veränderungen auf Ebene 
der spontanen Aktionspotentialaktivitiät ist jedoch unbekannt. Wir haben zudem gezeigt, dass neben OA 
auch 8bcAMP an der tageszeitlichen Disadaptation von ORNs beteiligt ist. Die Perfusion mit 8bcAMP 
hatte nur einen Effekt während der Photophase, wenn die ORNs adaptiert waren, jedoch nicht in der 
Dunkelphase wenn die ORNs sensitisiert vorlagen. Während die OA-Effekte mit Unterschieden in der 
OA-Hämolymphkonzentration korrelieren (Kapitel 2, Flecke and Stengl 2009), ist eine Erklärung der 
unterschiedlich starken 8bcAMP-Effekte durch tageszeitliche Veränderungen in der endogenen cAMP-
Konzentration mangels Daten noch nicht möglich. Neben den Gemeinsamkeiten in den 8bcAMP- und 
OA-Effekten wurden jedoch auch starke Unterschiede in der tageszeitabhängigen Wirkung beider 
Substanzen festgestellt. So hat 8bcAMP bei ZT 1-4 und ZT 8-11 eine gleich starke Zunahme der SP-
Amplitude zur Folge, während OA nur bei ZT 8-11 eine starke Wirkung auf die SP-Amplitude zeigte. 
Zudem war der 8bcAMP-abhängige Effekt auf die spontane Aktionspotentialaktivität bei ZT 8-11 
wesentlich schwächer als der OA-Effekt. Deshalb ist anzunehmen, dass die Regulation in der Sensitivität 
für Pheromon wahrscheinlich auf Ebene der OA-Rezeptoren gesteuert wird und dass OA neben der 
Wirkung über cAMP noch einen zweiten zusätzlichen Mechanismus aktiviert. Wir untersuchen zurzeit, ob 
auch in der cAMP-Konzentration in den Antennen tageszeitliche Unterschiede auftreten und ob OA eine 
Adenylylzyklase in den Antennen aktiviert. Die Ergebnisse dieser Studie unterstützen wiederum die 
Hypothese, dass die Regulation der Sensitivität für Pheromone auch auf Ebene einzelner ORNs stattfindet. 
So adaptieren die ORNs auch in der mittleren SP-Amplitude während der Photophase. Weiterhin zeigten 
wir zum ersten Mal, das auch in der spontanen Aktionspotentialaktivität während der Photophase eine 
Adaptation stattfindet, welche zudem durch OA und 8bcAMP aufgehoben werden konnte. 
 
 
Fazit aus Kapitel 1-3: Die Untersuchung der tageszeitlichen Modulation von pheromonsensitiven 
Trichoidsensillen von M. sexta brachte viele neue Erkenntnisse, warf aber auch neue Fragen auf, die es 
gilt in zukünftigen Studien zu beantworten. Zum ersten Mal konnten wir zeigen, dass tageszeitliche 
Verschiebungen in der Sensitivität für Pheromon auch auf Ebene einzelner ORNs stattfinden. Dies 
bestätigt die Annahme, dass bereits in der Peripherie des olfaktorischen Systems von M. sexta circadiane 
Schrittmacher vorhanden sind und somit auch die Sensitivität für Pheromone durch Modulation der 
primären Transduktionskaskade reguliert wird. Wir konnten weiterhin zeigen, dass cGMP 
tageszeitabhängig ORNs auf Ebene der Aktionspotentialantwort adaptiert. Ob der endogenen Adaptation 
der ORNs während der Photophase eine Zunahme der cGMP-Konzentration in der Antenne zugrunde liegt 
und welcher Mechanismus in M. sexta für die Adaptation des SPs zuständig ist, muss noch genauer 
geklärt werden. Auch zeigten wir, dass OA die ORNs während der Photophase, wenn niedrige endogene 
OA-Konzentrationen in der Hämolymphe vorliegen, disadaptiert und dass eine gewisse Konzentration an 
OA in den Trichoidsensillen vorhanden sein muss, damit starke Pheromonantworten mit einer phasischen 
Aktionspotentialverteilung generiert werden können. Die OA-Effekte werden dabei zum Teil über cAMP-
Anstiege vermittelt, wobei es aber sehr wahrscheinlich ist, das noch ein weiterer zusätzlicher 
Mechanismus von OA aktiviert wird, der die ORNs auf der Ebene der Aktionspotentialantwort 
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disadaptiert. Dieser potentielle Signalweg muss noch genauer untersucht werden. Wir haben zudem 
gezeigt, das auch in der spontanen Aktionspotentialaktivität während der Photophase eine Adaptation 
stattfindet und das die ORNs auch in der spontanen Aktionspotentialfrequenz durch OA und in 
schwächerem Maße durch cAMP disadaptiert werden. Möglicherweise hat diese Veränderung des 
Burstsverhaltens einen Einfluss auf die Pulsfolgenauflösung der ORNs. Zudem wurden tageszeitliche 
Verschiebungen in der Aktionspotentialverteilung in Pheromonantworten gefunden, die darauf hindeuten, 
dass während der Photophase eine geringere Pulsfolgenauflösung des Pheromonsignals möglich ist. 
Dieser möglicherweise zusätzliche Adaptationsmechanismus wird durch OA und TA aufgehoben. Ob 
dieser Mechanismus tatsächlich die zeitliche Pulsfolgenauflösung der ORNs beeinflusst und welche Rolle 
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The ability to detect and respond to chemical 
signals in an appropriate manner serves as the 
primary window to the sensory world for most 
animal species. Odours of various origins signal 
the animal where to find food, water and 
conspecifics or help them to avoid harmful 
environments. Most important for the intraspecific 
communication are pheromones, which are 
chemical messengers emitted and perceived by 
individuals of the same species, playing different 
roles in a variety of behavioural contexts. For 
example recognition pheromones which denote the 
identity and social status; aggregation pheromones 
which mediate feeding and aggression, including 
trail following and food-marking pheromones; and 
most important for this study, sex pheromones 
triggering courtship behaviour. The composition 
and identity of sex pheromones, the olfactory 
organs for detection and the neural networks 
processing olfactory information have been 
extensively studied in different moth species, 
including the hawkmoth Manduca sexta. The 
sensory system of male M. sexta is highly sensitive 
to pulsed pheromone signals emitted by females, 
enabling the male moths to detect pheromone 
sources over long distances. To avoid 
overstimulation and to adjust olfactory sensors to 
odour stimuli covering concentrations over several 
decades, the olfactory receptors and processing 
neurons can adapt or sensitize to stimuli of 
different strength, thereby increasing the dynamic 
range of the sensory system without loss of 
resolution. Biogenic amines and cyclic nucleotides 
are supposed to play an important role in the 
modulation of pheromone transduction. The 
molecular basis for these adaptation- and 
sensitization-mechanisms in pheromone sensitive 
sensilla is still not fully understood. Furthermore, 
many physiological processes, also in sensory 
systems, show time-dependent differences in its 
metabolic rates or in its sensitivity to stimulation. 
These time-dependent variations were shown to be 
part of circadian rhythms, controlled by central or 
peripheral circadian pacemakers. Olfactory 
rhythms in moths were found on the behavioural 
level and in the sensitivity to pheromone. 
However, it was unclear whether these rhythms 
and the time-dependent differences additionally 
originate from peripheral regulatory processes in 
the antennae or are the result of circadian rhythms  
 
in higher processing neuropils, like the antennal 
lobe or the mushroom bodies. The primary aim of 
this Ph.D. thesis was to search for time-dependent 
variations in the pheromone-sensitivity on the level 
of single olfactory receptor neurons (ORNs) and to 
elucidate the roles of biogenic amines and cyclic 
nucleotides in time-dependent adaptation- and 
sensitization-processes of the peripheral olfactory 
sensory system of M. sexta. 
 
 
The peripheral olfactory system of  
Manduca sexta 
 
The antennae are the most important odour-
sensitive organs in insects. Antennae of both 
female and male M. sexta comprise three 
segments, two small basal segments (scape and 
pedicel) and a long distal flagellum (Sanes and 
Hildebrand 1976). In both genders the antennal 
flagellum, which is characterized by a strong 
sexual dimorphism, is about 2 cm long and is 
divided into 80 or more annuli (Sanes and 
Hildebrand 1976). Males of M. sexta are able to 
detect pheromone signals emitted by females with 
specialized trichoid sensilla type I. These very long 
sensilla (sensilla hairs about 400 µm) are located in 
a number of about 43.000 on each flagellum of the 
antennae and are arranged in U-shaped patterns on 
each annulus (Sanes and Hildebrand 1976). In 
contrast, on female antennae no pheromone 
sensitive trichoid sensilla were found. Next to 
pheromone-sensitive sensilla the antennae also 
contain non-pheromone odour-, mechano- and 
hygrosensitive sensilla and comprise contact 




Structure of pheromone-sensitive  
trichoid sensilla 
 
Pheromone-sensitive trichoid sensilla of moth 
species are composed of at least two bipolar 
neuronal and three non-neuronal accessory cells, 
the tormogen, trichogen and thecogen cell (Fig. 1) 
(Sanes and Hildebrand 1976; Keil 1989; Lee and 
Strausfeld 1990). Each trichoid sensillum of M. 
sexta houses two ORNs which are sensitive to 
different components of the pheromone blend. One 
of the ORNs responds to stimulation with the main 
pheromone component bombykal [BAL, (E,Z)-
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10,12-hexadecadienal] and the other mainly to 
stimulation with one of two isomeric 
hexadecatrienals (Kalinová et al. 2001). In extra-
cellular tip recordings of trichoid sensilla, action 
potentials from both ORNs can be distinguished by 
their different peak-to-peak amplitudes, whereas 
the action potentials with larger amplitudes are 
always generated by the BAL-sensitive ORN 
(Dolzer et al. 2001). The dendrites of the ORNs are 
separated into an outer and an inner dendritic 
segment by a short ciliary structure (Keil 1989). 
The outer dendritic segments of both ORNs project 
into the very long sensillar hair, where 
transduction processes take place. The somata of 
both ORNs and the inner dendritic segments are 
tightly enveloped by the thecogen cell, thus 
isolating both ORNs from each other. In addition, 
the different compartments of the ORNs are 
separated by septate junctions between the 
membranes of the ORNs and the tormogen cell 
(Keil 1989). During development the trichogen cell 
together with the tormogen cell secrete the cuticle 
which forms the long cuticular hair shaft (Sanes 
and Hildebrand 1976). In addition, both cells form 
an inner cavity, the sensillar lymph space and also 
contribute to its composition (Sanes and 
Hildebrand 1976; Keil 1989). Especially the high 
K+-concentration of the sensillar lymph, which is 
assumed to originate from the activity of V-
ATPases located in the accessory cells (Wieczorek 
1991; Wieczorek et al. 2003), is important to build 
up the transepithelial potential between the 
sensillar lymph and the hemolymph space and also 
adds to the driving force for the generation of the 
sensillar potential (Thurm and Wessel 1979). Both 
ORNs send axons through the antennal nerve to 
the next higher neuropil, the antennal lobe (Sanes 
and Hildebrand 1976). 
 
 
Insect olfactory transduction 
 
Before insect olfactory receptors were cloned, 
heterologously expressed and electro-
physiologically characterized, most investigations 
on olfactory transduction processes in insect 
olfactory sensilla supported the hypothesis that the 
transduction is mainly mediated by G-protein 
coupled signalling cascades. It was shown that the 
activity of phospholipase C in antennal membranes 
of Periplaneta americana and Locusta migratoria 
was stimulated by application of odorants and 
pheromones (Boekhoff et al. 1990a,b). The 
stimulatory effect was enhanced with GTP 
analogues and attenuated with GDP analogues, 
whereas the application of pertussis toxin 
completely blocked the effect, indicating a Go- or 
Gi- mediated reaction (Boekhoff et al. 1990a). 
Furthermore, the levels of inositol-1,4,5-
triphosphate (IP3) increased rapidly after 
pheromone stimulation in antennal preparations of 












Fig. 1: Schematic diagram of a trichoid sensillum of 
M. sexta. Shown is only one of the two ORNs. Next to 
the ORNs each sensillum also comprises three non-
neuronal cells with different functions. (ODS: outer 
dendritic segment; CU: cuticle; TR: trichogen cell; 
TE: thecogen cell; TO: tormogen cell; RL: receptor 
lymph cavity; IDS: inner dendritic segment; ORN: 
olfactory receptor neuron; HE: hemolymph; BL: basal 




1990; Boekhoff et al. 1990b; Boekhoff et al. 1993). 
In addition, IP3-dependent Ca2+-currents were 
characterized in patch clamp recordings of cultured 
ORNs of M. sexta, which triggered the opening of 
Ca2+-dependent ion channels involved in the 
generation of pheromone-dependent receptor 
potentials (Zufall et al. 1991; Stengl 1993, 1994). 
The following concept for the signal transduction 
in pheromone-sensitive ORNs was developed: The 
binding of odorants to its specific receptors 
activate G-proteins, which then stimulate 
phospholipase C. This leads to the transient 
generation of IP3 and diacylglycerol (DAG), 
followed by the IP3-dependent opening of Ca2+-
channels. The following increase in the 
intracellular Ca2+-concentration induces the 
opening of Ca2+-dependent unspecific cation 
channels, further increasing intracellular Ca2+-
levels. The Ca2+-dependent cation channels close 
due to auto-adaptation when Ca2+-levels reach a 
specific threshold. The DAG-dependent activation 
of a protein kinase C, which phosphorylates more 
unspecific cation channels, is assumed to occur 
only after long and strong pheromone stimuli 
(Stengl 1999). 
In contrast, more recent studies proposed 
that G-proteins only play a minor role in insect 
olfactory transduction. The first step to a novel 
model of the primary signal transduction was the 
cloning and identification of insect olfactory 
receptors (OR) in Drosophila melanogaster 
(Vosshall et al. 1999; Clyne et al. 1999) and later 
in moth species, like Bombyx mori (Sakurai et al. 
2004) and M. sexta (Patch et al. 2009). It was 
shown that, apart from various odour ligand-
binding olfactory receptors, ubiquitous chaperone 
proteins (OR83b for D. melanogaster, BmOR2 for 
B. mori and MsextaOR2 for M. sexta) exist, which 
are expressed in the majority of ORNs and which 
are highly conserved among insect species. The 
non-odour-sensitive OR83b has a structure which 
is similar to vertebrate G-protein-coupled-
receptors, but has a reversed membrane topology 
with the C terminus located extracellularly (Benton 
et al. 2006) and is responsible for the localization 
of other tuning ORs in the dendritic membrane 
(Larsson et al. 2004). OR83b and its analogues do 
not function in odour recognition but form 
heteromeric complexes with functional ORs, 
highly enhancing their sensitivity to odour 
stimulation (Neuhaus et al. 2005). This was also 
shown for combinations of pheromone-sensitive 
ORs with the OR83b analogue BmOR2 in B. mori 
(Nakagawa et al. 2005). Most striking were patch 
clamp recordings from heterologously expressed 





Fig. 2: Hypothetical model of the odorant-dependent activation of cation channels in insect ORNs of D. 
melanogaster (a): After stimulation with low odorant concentrations the functional olfactory receptor triggers the 
activation of an adenylyl cyclase leading to slow increases in cAMP-levels. cAMP then activates the cyclic-
nucleotide sensitive non-selective cation channel OR83b. (b) During high odorant concentrations the receptor 
complex, which forms non-specific cation channels consisting of the functional OR and OR83b, is directly activated 
by the binding of odorant molecules, leading to low latency K+- and Ca2+-inward currents. 
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complexes act as direct ligand-gated non-selective 
cation channels (Sato et al. 2008; Wicher et al. 
2008). In contrast, Wicher et al. (2008) also 
observed a slow but strong metabotropic 
component of the receptor current which relied on 
intracellular ATP and GTP. After stimulation of 
OR22a a G-protein mediated increase in the cAMP 
levels by activation of an adenylyl cyclase was 
found. In addition, it was shown that OR83b is 
activated by cyclic nucleotides and that it forms a 
non-selective cation channel (Wicher et al. 2008). 
The application of G-protein inhibitors blocked the 
odour-induced cAMP production and shifted the 
dose response curve to higher odorant doses. It was 
assumed that strong pheromone responses are 
mediated by the activation of the directly ligand-
gated ion channel complex and that only after 
weak odour stimulation the G-protein coupled 
pathway is activated to amplify the perceived 
odour signal (Fig. 2). Due to the late activation of 
the cAMP-dependent current after the stimulation 
and the restriction of inhibiting effects on the 
rectification of the receptor signal (Smart et al. 
2008), it is likely that the cAMP-dependent current 
is rather involved in the modulation of the odour 
transduction than in the initial generation of the 
receptor current. It also remains to be shown 
whether these mechanisms also contribute to odour 
transduction in vivo and whether additional or 
other mechanisms are present in pheromone 
sensitive ORNs of moth species. 
 
 
Role of cyclic nucleotides and biogenic amines  
in insect olfactory transduction 
 
Cyclic guanosine monophosphate (cGMP) is 
supposed to play an important role in long-term 
adaptation of ORNs of both invertebrates and 
vertebrates. It was shown that cGMP levels rise 
slowly after strong pheromone stimulation in 
antennae and antennal homogenates of Antheraea 
polyphemus and B. mori (Ziegelberger et al. 1900; 
Boekhoff et al. 1993). The addition of exogenous 
cGMP during pheromone stimulation strongly 
decreased the phasic component of the IP3 increase 
(Boekhoff et al. 1993), suggesting a cGMP 
dependent decrease in the phasic response of 
ORNs during adaptation (Kodadová 1996). In 
addition, the perfusion of the sensillar lymph with 
a cGMP-analogue decreased the sensillar potential 
amplitude and action potential frequency in tip 
recordings of pheromone-sensitive sensilla of the 
silkmoth B. mori (Redkozubov 2000). In 
immunocytochemical experiments it was found 
that in a subpopulation of ORNs of male M. sexta 
minute long stimulation with pheromones 
increased intracellular cGMP concentrations 
(Stengl et al. 2001). These increases were 
synergistically enhanced by the activation of a 
pheromone-inducible nitric oxide-synthase-like 
enzyme in ORNs (Stengl and Zintl 1996; Stengl et 
al. 2001). Also in vertebrates cGMP is involved in 
the long-term adaptation of ORNs (Zufall and 
Leinders-Zufall 2000), whereas cGMP activates 
cyclic nucleotide sensitive channels which leads to 
an inward Ca2+-current. Increased Ca2+-levels then 
affect targets in the G-protein coupled transduction 
pathway attenuating following responses to odour 
stimulation. 
In contrast, cyclic adenosine 
monophosphate (cAMP) is assumed to take part in 
the sensitization of insect ORNs. While relatively 
much is known about the role of cAMP in 
vertebrate olfaction, in which cAMP constitutes 
the main second messenger in the G-protein 
coupled pathway leading to excitation of the ORNs 
(Nakamura 2000), less is known about the function 
of cAMP in invertebrate olfaction. In lobster 
ORNs dual second messenger pathways were 
found (Boekhoff et al. 1994; Hatt and Ache 1994), 
whereas the hyperpolarization observed after 
stimulation with specific odours is mediated by 
increases in the level of intracellular cAMP and the 
subsequent activation of cyclic nucleotide gated 
channels. To our knowledge only a single study 
investigated the influence of cAMP on the 
pheromone transduction in a moth species. Villet 
(1978) showed that the perfusion of antennae of 
Antheraea pernyi with cAMP or phosphodiesterase 
inhibitors increased electroantennograms (EAGs) 
recorded in response to pheromone stimulation. In 
addition, the overexpression of a cAMP-
phosphodiesterase in olfactory organs of D. 
melanogaster affected the behavioural response to 
odours (Gomez-Diaz et al. 2004) and EAG onset 
kinetics (Martín et al. 2001). As mentioned before, 
the investigation of currents of heterologously 
expressed D. melanogaster receptor complexes 
also revealed a contribution of cAMP in a possible 
amplification of weak odour signals (Wicher et al. 
2008). However, this cAMP-dependent activation 
of OR83b could also be involved in the modulation 
of the odour transduction cascade. 
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 Furthermore octopamine, acting as neuro-
modulator, neurohormone and neuromediator was 
found to have sensitizing effects on ORNs of 
different insect species. In tip recordings of B. 
mori the injection of octopamine into the 
hemolymph was followed by increases in the 
pheromone-dependent sensillar potential and 
action potential response (Pophof 2002), 
suggesting a direct effect on the periphery of the 
olfactory neural pathway. Also in A. polyphemus, 
Mamestra brassicae and P. americana octopamine 
sensitized ORNs but only on the level of the action 
potential response (Pophof 2000; Grosmaitre et al. 
2001; Zhukovskaya and Kapitsky 2006). In 
addition, octopamine was effective in behavioural 
experiments, since the responsiveness of male 
moths to pheromone was enhanced after 
octopamine application (Linn Jr and Roelofs 1986, 
1992; Linn Jr et al. 1992). Aside from the 
disadapting effects on various sensory systems 
octopamine is also involved in associative 
olfactory learning and memory consolidation 
(Hammer and Menzel 1998; Schwaerzel et al. 
2003; Farooqui et al. 2003). Octopamine in insects 
originates mainly from octopaminergic dorsal and 
ventral unpaired median neurons which send 
processes to most parts of the brain and to the 
periphery (Roeder 2005; Farooqui 2007). In Apis 
mellifera and M. sexta ventral unpaired median 
neurons project to the antennal lobes, to the 
calyces of the mushroom body and to the lateral 
protocerebrum, which are involved in the 
processing of olfactory information (Schröter et al. 
2007; Dacks et al. 2005). The innervation pattern 
of possible octopaminergic neurons in the antennae 
is mostly unknown. Octopamine receptors and 
octopamine/tyramine receptors, which show a 
higher affinity to the octopamine precursor 
tyramine, were cloned and characterized in several 
insect species (Balfanz et al. 2005; Farooqui 2007), 
whereas only three of them were shown to be 
expressed in antennae and in the trichoid sensilla 
of moths (Krieger et al. 1999; Dacks et al. 2006; 
Brigaud et al. 2009). Octopamine receptors are G-
protein coupled receptors which mostly activate 
adenylyl cyclases and also upregulate intracellular 
Ca2+-concentrations (Farooqui 2007). While the 
majority of octopamine-alpha-adrenergic-like 
receptors are positively coupled to adenylyl 
cyclases (Evans and Maqueira 2005; Farooqui 
2007), octopamine/tyramine receptors were found 
to inhibit adenylyl cyclases (Krieger et al. 1999; 
Farooqui 2007) and therefore mostly show 
opposite effects to octopamine. It is likely that the 
observed octopamine effects are partly due to 
increases in the intracellular cAMP-concentration 
and its action on cyclic nucleotide sensitive targets, 
like the cAMP-sensitive binding site on OR83b or 
cyclic nucleotide sensitive ion channels. 
 
 
Circadian rhythms in insect olfaction 
 
The pheromone production, pheromone release, 
calling behaviour of female moths and also the 
male responsiveness to pheromone expresses 
circadian diurnal rhythms in many moth species 
(Baker and Cardé 1979; Choi et al. 1998; Delisle 
and Simard 1999). The pheromone production of 
female and the pheromone responsiveness of male 
Agrotis segetum are regulated endogenously by a 
circadian clock, since both rhythms with maxima 
at the end of the scotophase persisted under 
constant conditions (Rosén 2002; Rosén et al. 
2003). Furthermore, males and females of 
Spodoptera littoralis raised in light:dark cycles out 
of phase mated less frequently and pre-exposure to 
pheromone in constant darkness increased 
pheromone responsiveness of male moth. This 
suggests that not only the photoperiod but also the 
female pheromone signal acts as a Zeitgeber, 
synchronizing rhythms in male and female moths 
(Silvegren et al. 2005). Also the circadian rhythm 
in the calling behaviour of female M. sexta showed 
a diurnal distribution with a maximum at the end 
of the scotophase (Itagaki and Conner 1988), 
correlating with peaks in male flight activity 
(Sasaki and Riddiford 1984). 
Octopamine, the so called “stress 
hormone” of insects, modulates the fat body 
glycogenolysis and therefore is highly important 
for the energy supply during high flight activity 
occurring during the scotophase of nocturnal 
moths (Roeder 2005). Furthermore, octopamine 
was shown to desensitize inputs in various sensory 
systems (Roeder 2005; Farooqui 2007). It is 
assumed that octopamine plays a key role in the 
circadian regulation of circadian rhythms in male 
responsiveness to pheromone and also in the 
pheromone production. For M. sexta and for 
Trichoplusia ni circadian changes in the 
concentration of octopamine in the hemolymph 
and brain were found, which correlated with 
rhythms in the pheromone responsiveness 
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(Lehman 1990; Linn Jr et al. 1994, 1996). 
Concentrations of octopamine in the hemolymph 
were shown to be high during the scotophase, 
when both mating and feeding behaviours occur 
and low during the photophase when the nocturnal 
moths rest (Fig. 3). In addition, the sensitizing 
effect of octopamine on the responsiveness to 
pheromone was shown to be time-dependent, since 
octopamine was only effective when it was 
injected during low hemolymph octopamine 
concentrations in the photophase but not during the 
scotophase (Linn Jr and Roelofs 1992; Linn Jr et 
al. 1992).  
One main question in the research of 
circadian regulation of pheromone sensitivity 
during the last years was, whether the sensitivity is 
controlled at the periphery or on higher located 
neuropils in the olfactory neuronal pathway. In 
contrast to the hierarchical architecture of the 
mammalian circadian system, where light entrains 
a central oscillator located in the suprachiasmatic 
nucleus, that then entrains pacemakers in 
peripheral tissues, oscillators in different insect 
tissues were shown to operate independently from 
each other (Plautz et al. 1997). Furthermore, it was 
unknown whether circadian pacemakers also exist 
in the antennae directly controlling the observed 
rhythms. While the knowledge about circadian 
processes at the periphery for moth species is still 
incomplete much is known about the regulation of 
circadian olfactory rhythms in the fruit fly. In EAG 
recordings from antennae of D. melanogaster 
circadian rhythms were found to stimulation with 
non-pheromone odorants, which were abolished in 
mutants lacking the clock genes per and tim 
(Krishnan et al. 1999). These rhythms are 
controlled by pacemakers in the antennae and the 
peripheral circadian clock neurons were shown to 
be sufficient and necessary for the generation of 
olfactory rhythms in D. melanogaster (Tanoue et 
al. 2004). This was also shown on the behavioural 
level (Zhou et al. 2005). More recent studies also 
proved that olfactory receptors are rhythmically 
accumulated in the dendrites of ORNs and that this 
accumulation is dependent on the rhythmic 
expression of the G-protein-coupled receptor 
kinase 2 (GPRK2) (Tanoue et al. 2008). In 
contrast, in recordings from single sensilla no 
circadian rhythms were found in responses to 




Fig. 3: Schematic and idealized diagram of photoperiod-dependent differences in the behaviour and putative 
octopamine concentrations in the hemolymph of Manduca sexta. The animals were kept under long-day photoperiod 
conditions (L:D 17:7h) with Zeitgebertime (ZT) 0 = lights on. In the scotophase when feeding and mating 
behaviours occur, octopamine levels were shown to be high. The calling behaviour of female moths begins in the 
first third of the scotophase and reaches its maximum at the end of the scotophase. With beginning of the 
photophase moths switch from their active to their inactive phase and octopamine levels start to decline. During the 
middle of the photophase most moths rest and octopamine levels are low. The experiments in this study were 




spontaneous activity (Krishnan et al. 2008). Only 
in non-pheromone sensitive basiconic sensilla a 
GPRK2-dependent rhythm in the action potential 
amplitude was found, whose physiological 
relevance is unknown (Krishnan et al. 2008). In 
moths the data on pheromone-dependent olfactory 
rhythms is fragmentary. In EAG recordings from 
Spodoptera littoralis a circadian rhythm was found 
in responses to pheromone stimulation, although it 
is in contradiction to the behaviour of the moths 
(Merlin et al. 2007). Furthermore, rhythms in the 
expression of several clock genes and of a 
pheromone degrading enzyme in the antennae were 
observed. These results suggest that also in 
antennae of moth species peripheral oscillators 
exist, that might be involved in the regulation of 
olfactory circadian rhythms. The PERIOD-like 
staining in ORNs and in accessory cells of 
pheromone-sensitive trichoid sensilla of M. sexta 
(Schuckel et al. 2007), together with strong time-
dependent differences in the expression of per 
messenger-RNA supports this hypothesis. To 
elucidate time-dependent differences in the 
sensitivity of pheromone sensitive trichoid sensilla 
and to elucidate time-dependent effects of biogenic 
amines and cyclic nucleotides, the experiments in 
this study were performed during three different 
Zeitgebertimes (Fig. 3). 
 
 
Resolution of pulsed pheromone signals 
 
Not only the absolute pheromone concentration, 
but also the distribution of the pheromone signal in 
space and time is important information for the 
males in finding the source of pheromone 
emission. Female moths emit pulsed pheromone 
signals by rhythmic extrusion and retraction of the 
terminal abdominal segments (Itagaki and Conner 
1985, 1988; Crnjar et al. 1988; Valeur et al. 1999), 
where the pheromone glands are located (Eaton 
1986; Itagaki and Conner 1988). In addition, under 
natural conditions where turbulence dominates 
over diffusion the pulsed signal is further 
fragmented into filaments of various scale and 
frequency. Thus, naturally the pheromone signal is 
not a linear gradient of pheromone concentrations 
decreasing with distance from the source, but is a 
highly intermittent signal. During evolution the 
olfactory system on the peripheral and central level 
adapted to the special characteristics of this signal. 
ORNs of M. sexta are able to encode intermittent 
pheromone signals up to a frequency of 3 Hz 
(Marion-Poll and Tobin 1992). Also in other moths 
ORNs were shown to be able to encode pulsed 
pheromone signals (Almaas et al. 1991; Kodadová 
1996). Furthermore, in EAG recordings from 
antennae from several moth species evidence was 
provided that some components of the antennae are 
able to follow pheromone signals with frequencies 
between 25 and 33 Hz (Bau et al. 2002, 2005). 
Also neurons in the antennal lobe of M. sexta are 
able to follow pulsed pheromone signals 
(Christensen and Hildebrand 1988; Christensen et 
al. 1989). How important the intermittency of the 
pheromone signal for the successful search 
behaviour for male moths is, was also shown in 
wind tunnel experiments. Males of Heliothis 
virescens did not locate the pheromone source in 
significant numbers when the pheromone was 
presented in a continuous plume, but only when 
the frequency of filaments exceeded 4 Hz (Vickers 
and Baker 1992). This was also shown for 
Grapholita molesta, which only sustained upwind 
flight when the signal was pulsed, but not when it 
was provided as a continuous plume (Baker et al. 
1985). Furthermore, shifts in the fine structure of 
the pheromone plume including more turbulent 
airstreams had a stronger impact on the flight 
patterns of male Cadra cautella than a 1000-fold 
increase in the pheromone dosage (Mafra-Neto and 
Cardé 1995). The ability of peripheral ORNs to 
encode pulsed pheromone signals is mainly 
determined by the distribution of action potentials 
in responses to pheromone stimulation. ORNs with 
more phasic responses are able to encode higher 
frequencies than ORNs with a tonic action 
potential distribution (Almaas et al. 1991; 
Kodadová 1996). Thus, the ability of male moths 
to find pheromone sources is mainly determined by 
the pulse resolution of peripheral ORNs and 
therefore is highly important for the successful 
search behaviour. 
 
List of abbreviations: 
 
BAL  Bombykal 
cAMP  3'-5'-cyclic adenosine monophosphate 
cGMP  3'-5'-cyclic guanosine monophosphate 
DAG  Diacylglycerol 
EAG  Electroantennogram 
GPRK2  G-protein-coupled receptor kinase 2 
IP3  Inositol-1,4,5-triphosphate 
OR  Olfactory receptor 
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Octopamine and tyramine modulate pheromone-
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Perfusion with cAMP analogue affects pheromone-sensitive trichoid 
sensilla of the hawkmoth Manduca sexta in a time-dependent manner 
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Octopamine disadapts pheromone-sensitive olfactory 
receptor neurons of Manduca sexta time-dependently. 
Because the majority of insect octopamine receptors are 
positively coupled to adenylyl cyclases we examined 
whether cyclic adenosine monophosphate (cAMP) mimics 
octopamine-dependent modulation of pheromone 
transduction in a time-dependent manner. Long-term tip 
recordings of single trichoid sensilla of Manduca sexta 
were performed during three Zeitgebertimes (ZTs, ZT 0 = 
lights on), while stimulating the sensilla with the main 
pheromone component bombykal in a non-adapting 
protocol. The membrane-permeable cAMP analogue 
8bcAMP increased the normalized sensillar potential 
amplitude in recordings at ZT 1-4 and ZT 8-11 when 
olfactory receptor neurons (ORNs) were adapted but not at 
ZT 22-1, when ORNs were sensitized. In addition in 
recordings with 10 µg bombykal stimulation 8bcAMP 
antagonized an endogenous decrease in the mean sensillar 
potential amplitude at ZT 1-4 and ZT 8-11. In contrast to 
octopamine, 8bcAMP did not affect the normalized initial 
action potential frequency, the distribution of action 
potentials in responses or the shift to lower mean action 
potential frequencies at ZT 8-11. Furthermore, 8bcAMP 
increased the spontaneous action potential frequency in 
recordings with 1 µg bombykal stimulation at ZT 8-11 and 
antagonized an endogenous decrease in the mean 
spontaneous action potential frequency at ZT 1-4 and ZT 8-
11. However, the 8bcAMP-dependent effect on the 
spontaneous activity was weaker than the octopamine effect 
and 8bcAMP did not predominantly affect the burst 
behaviour of the ORNs. In conclusion, our results show that 
cAMP only partly mimics the octopamine-dependent 
disadaptation of olfactory receptor neurons during the 
photophase. 
 
Keywords: insect olfaction, pheromone transduction, 
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Abbreviations 
8bcAMP 8-bromo 3´,5´-cyclic adenosine 
monophosphate 
AP   Action potential 
BAL   Bombykal 
cAMP  3',5'-cyclic adenosine monophosphate 
EAG  Electroantennogram 
IP3  Inositol-1,4,5- triphosphate 
HCN  Hypolarization-activated cyclic 
nucleotide-gated 
ISI    Interspike interval 
OA  Octopamine 
OR  Olfactory receptors 
ORN   Olfactory receptor neuron 
PSTH  Post-stimulus-time-histogram 
SP   Sensillar potential 
TEP  Transepithelial potential 




The second messenger 3',5'-cyclic adenosine 
monophosphate (cAMP) is involved in both invertebrate 
and vertebrate olfaction. Whereas cAMP signalling is best 
understood in olfactory receptor neurons (ORNs) of 
vertebrates, less is known about its function in invertebrate 
olfaction. In vertebrate ORNs of the main olfactory 
epithelium olfactory receptors activate G-proteins odour-
dependently, which then stimulate adenylyl cyclases 
(Nakamura 2000). In invertebrate ORNs phospholipase C-
dependent transduction cascades are activated after odour 
stimulation (Stengl et al., 1999; Ache and Young, 2005). 
Only few studies investigated the role of cAMP in 
invertebrate olfaction. In lobster ORNs the cAMP pathway 
leads to hyperpolarization and codes inhibitory responses 
(Hatt and Ache, 1994; Boekhoff et al., 1994; Doolin and 
Ache, 2005). In antennae of Antheraea pernyi the perfusion 
with cAMP increased electroantennogram (EAG) 
amplitudes in responses to stimulation with pheromone 
(Villet, 1978). In addition, overexpression of the cAMP-
phosphodiesterase encoding dunce gene in olfactory organs 
of Drosophila melanogaster affected both the behaviour in 
y-maze experiments (Gomez-Diaz et al., 2004) and EAGs 
recorded from the antennae (Martín et al., 2001). Recently 
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it was shown that heterologously expressed insect olfactory 
receptors (ORs) form ligand-gated ion channel complexes, 
with highly conserved chaperone proteins, such as OR83b 
(Sato et al., 2008; Wicher et al., 2008). In addition, the 
stimulation of OR22a was followed by the activation of an 
adenylyl cyclase. This resulted in the binding of cAMP to 
OR83b, thereby activating a slower, but stronger additional 
receptor current (Wicher et al., 2008). This cAMP-
dependent mechanism was suggested to augment weak 
odour signals. 
Several studies revealed that diurnal production, 
release of pheromones and calling behaviour of female 
moths are controlled by unknown circadian pacemakers 
(Baker and Cardé, 1979; Choi et al., 1998; Rosén, 2002). 
Also male moths express circadian rhythms in their 
responsiveness to pheromone with maxima in the 
scotophase (Linn Jr et al., 1992; Linn Jr et al., 1996; Rosén 
et al., 2003). For Manduca sexta it was shown that the 
maxima in calling behaviour of females (Itagaki and 
Conner, 1988) correlated with maximal male flight activity 
in the scotophase (Lingren et al., 1977; Sasaki and 
Riddiford, 1984). Furthermore, ORNs of M. sexta adapted 
with beginning of the photophase and responded 
pheromone-dependently with lower mean action potential 
(AP) frequencies at the middle of photophase (Flecke and 
Stengl, 2009). 
The biogenic amine octopamine (OA) was shown 
to modulate the sensitivity of pheromone-sensitive ORNs. 
Injections of OA into the hemolymph enhanced the 
responsiveness of male moths to pheromone in behavioural 
experiments (Linn Jr and Roelofs, 1986; Linn Jr and 
Roelofs, 1992; Linn Jr et al., 1992) and sensitized ORNs of 
different moth species during tip recordings of pheromone-
sensitive trichoid sensilla (Grosmaitre et al., 2001; Pophof, 
2000; Pophof, 2002). In addition, it was shown that the OA 
effects are time-dependent and that OA disadapts ORNs of 
M. sexta during the middle of the photophase, suggesting a 
circadian control of OA action (Flecke and Stengl, 2009). 
The assumption that the OA-dependent modulation is 
controlled by a circadian clock is further supported by 
circadian changes of OA concentrations in the hemolymph 
and brain, correlating with circadian rhythms in mating 
behaviour (Linn Jr et al., 1994; Linn Jr et al., 1996; 
Lehman, 1990). Since OA receptors are often positively 
coupled to adenylyl cyclases (Balfanz et al., 2005; Evans 
and Maqueira, 2005; Farooqui, 2007), it is likely that the 
OA effects are mediated by increases in the cAMP 
concentration. The cyclic nucleotide sensitive binding site 
on OR83b is a possible target for OA-dependent 
modulation of cAMP levels. In addition, cyclic nucleotide 
sensitive channels were characterized in patch clamp 
recordings of cultured ORNs of M. sexta (Dolzer et al., 
2008; Krannich and Stengl, 2008). 
To determine whether cAMP is involved in the 
primary signal transduction process of pheromone-sensitive 
trichoid sensilla of M. sexta and to elucidate the role of 
cAMP in the time-dependent modulation of the sensitivity 
to pheromone, long-term tip recordings were performed 
during three different Zeitgebertimes (ZTs: ZT 22-1, ZT 1-
4 and ZT 8-11). The membrane-permeable cAMP analogue 
8-bromo 3´,5´-cyclic adenosine monophosphate (8bcAMP) 
was applied via perfusion over the recording electrode with 
beginning of the recordings. The trichoid sensilla were 
stimulated with the main pheromone component bombykal 
(BAL) in a non-adapting stimulation protocol (BAL dose 1 
or 10 µg, interstimulus-interval 5 min). Several time-
dependent and also pheromone-dose-dependent effects of 
8bcAMP on the sensillar potential (SP) and on the 
spontaneous AP activity were detected. 
 
 
Material and methods 
 
Animals and preparation 
 
In the experiments adult male M. sexta were used from the 
breeding facility at our laboratory at the University of 
Marburg. M. sexta were raised from eggs and the larvae 
were fed on an artificial diet (modified after Bell and 
Joachim, 1976). The animals were kept under long-day 
photoperiod conditions (L:D 17:7h) at 24-27°C and 40-60 
% relative humidity. The preparation, the recording 
conditions and the digitization were described previously 
(Flecke et al., 2006). Light sources with an emission 
frequency above 600 nm do not function as a Zeitgeber 
(Pittendrigh et al., 1970). To avoid light-dependent phase 
shifts, red light emitting LEDs with a narrow frequency 
spectrum were used for the illumination of the preparation 
and the setup during the scotophase (Kingbright LKR 
530100, Kingbright Electronics, Issum, Germany). For 
experiments in the scotophase animals were taken out of the 
rearing and handled under red light conditions till the lights 
were switched on at ZT 0, which is the transition from 
scoto- to photophase. The experiments were performed 
either from ZT 22-1, ZT 1-4 or ZT 8-11. 
 
Application of 8bcAMP and pheromone stimulation 
 
The second messenger 8-bromo adenosine 3´,5´-cyclic 
monophosphate (8bcAMP) with a concentration of 10 
mmol l-1 was applied by perfusion over the recording 
electrode as previously described (Flecke et al., 2006). 
Therefore, altered sensillum lymph ringer solutions were 
employed. The application of 8bcAMP started with the 
establishment of the recordings. The rather high 8bcAMP 
concentration was selected to obtain significant perfusion 
during the first hour of the recording and is equal to the 
concentration of 8-bromo 3´,5´-cyclic guanosine 
monophosphate employed in an earlier study (Flecke et al., 
2006). In addition in a subset of recordings the biogenic 
amine OA in a concentration of 1 mmol l-1 was applied in 
the same way. The ringer solutions were prepared with N-
(2-hydroxyethyl)-piperazine-N'-(2-ethane sulfonic acid) 
(HEPES; all chemicals from Sigma, Deisenhofen, 
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Germany). The pH of the sensillum lymph and hemolymph 
ringer was adjusted to 6.5. The osmolality was adjusted to 
475 mosmol l-1 for sensillum lymph ringer and to 450 
mosmol l-1 for the hemolymph ringer using mannitol. The 
details of the pheromone stimulation were described 
previously (Flecke et al., 2006). Stimuli with doses of 10 or 
1 µg of synthetic bombykal (BAL, (E,Z)-10,12-
hexadecadienal), generously provided by T. Christensen 
(Tucson, AZ, USA) and J. Krieger (Stuttgart, Germany), 
were applied in a non-adapting stimulation protocol 





In M. sexta each sensillum trichodeum houses two ORNs. 
Only one of them is responsive to the main pheromone 
component BAL. The BAL-sensitive ORNs generate APs 
with larger peak-to-peak amplitudes, which allow the 
discrimination of APs of both ORNs (Dolzer et al., 2001). 
For the digitization of the signal during pheromone 
responses and during spontaneous activity of the ORNs 
different protocols were used. The BAL responses were 
recorded in sweeps of approx. 5 s duration at a continuous 
sampling rate of 20 kHz (Clampex 8, Episodic Stimulation 
Mode) and the spontaneous activity between stimulations 
was recorded in intervals of approx. 5 min with a sampling 
frequency of 19.6 kHz (Clampex 8, fixed-length events).  
Data analysis 
The pheromone responses and the spontaneous activity 
were evaluated with Clampfit 8 and the Microsoft Excel 
Add-in XtraCell (Dolzer, 2002). All analyses were 
performed using the direct-current-coupled signal. To 
evaluate the SP, the responses were lowpass-filtered at a 
cutoff frequency of 50 Hz (Clampfit, Gaussian filter). 
Afterwards different parameters of the SP response, 
including the maximal SP amplitude, were evaluated as 
previously described (Flecke et al., 2006). Preceding to the 
analysis of the APs the responses were pseudo-high pass 
filtered as described before (Flecke et al., 2006). The main 
parameter AP frequency was calculated over the first 5 
interspike intervals (ISI). Due to the high variability 
between the recordings the time courses were each 
normalized to the first value and then binned to 5 min 
intervals. For the statistical comparison of the normalized 
and binned time courses of 8bcAMP and control recordings 
of each time slot the Mann-Whitney-Test or the Student´s t-
test were employed, depending on the distribution of the 
data. To analyze changes in the time course of single 
parameters the time courses were divided into three or four 
intervals and then analyzed with an Oneway ANOVA 
followed by the Tukey HSD post-hoc-test or with the 
Mann-Whitney-Test. Furthermore the mean SP amplitudes 
and mean AP frequencies computed over all responses 
recorded at each ZT were evaluated. To compare different 
ZTs of 8bcAMP, OA or control recordings, the complete 
data set for each ZT was compared to other ZTs using the 
Mann-Whitney-Test. For the evaluation of the distribution 
of APs in responses post-stimulus-time-histograms 
(PSTHs) (bin length 10 ms, t=0 is the start of the SP) for all 
recordings at one ZT were created for three intervals of the 
recording duration (0-20 min, 80-100 min and 160-180 min 
of the recording). PSTHs of 8bcAMP and control 
recordings from different ZTs were compared with the 
Mann-Whitney-Test. In addition the APs occurring in the 
first 100 ms of the responses were evaluated and plotted for 
the recording duration of 180 min. Subsequently changes in 
this parameter were statistically analyzed by dividing it into 
three intervals followed by an Oneway ANOVA with the 
Tukey HSD post-hoc-test or with the Mann-Whitney-Test. 
Analysis of spontaneous APs and bursts 
In addition, the spontaneous AP activity recorded between 
the stimulations was evaluated. APs with different peak-to-
peak amplitudes had to be sorted. Spike sorting of 
spontaneous APs and calculation of bursts was performed 
as described before (Dolzer et al., 2001; Flecke and Stengl, 
2009). The time courses of the spontaneous AP frequency, 
the percentage of APs in bursts, the average APs per burst, 
the number of bursts per bin and the number of spikes per 
bin were normalized to the first value and then binned to 5 
min intervals. The data of control recordings was compared 
to recordings with 8bcAMP application by using the Mann-
Whitney-Test or the Student´s t-test. Changes in each time 
course were analyzed with an Oneway ANOVA followed 
by the Tukey HSD post-hoc-test or with the Mann-
Whitney-Test, depending on the distribution of the data. 
Furthermore, the mean spontaneous AP frequency, the 
mean number of bursts per bin and the mean number of 
spikes per bin calculated over all responses during each ZT 
were analyzed. This data was not normalized, representing 
absolute values. For the statistical comparison the whole 
data set for each ZT was compared to other ZTs using the 
Mann-Whitney-Test. All statistical calculations were done 




In long-term tip recordings of single pheromone-sensitive 
trichoid sensilla of the hawkmoth M. sexta it was examined 
whether the application of the cAMP analogue 8bcAMP 
mimics OA-dependent modulation of the pheromone 
transduction. To elucidate time-dependent differences in the 
effects, the experiments were performed at three different 
ZTs (ZT 22-1, ZT 1-4 and ZT 8-11). During the recordings 
with durations of three hours the sensillar lymph was 
perfused with 10 mmol l-1 8bcAMP and the trichoid sensilla 
were stimulated with the main pheromone component BAL 
in a non-adapting stimulation protocol (BAL dose 1 or 10 
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µg, interstimulus-interval 5 min). Different parameters of 
the SP and AP response were evaluated. For a detailed 
explanation of the analyzed parameters see Flecke and 
Stengl (2006, 2009).  
  
Perfusion with 8bcAMP increased the SP amplitude time- 
and BAL-dose-dependently 
 
When comparing responses to 1 µg BAL stimulation from 
the beginning and end of a single recording at ZT 1-4 (Fig. 
1) it was observed that the perfusion with 8bcAMP 
increased the SP amplitude without affecting the initial AP 
frequency. The augmentation of the AP amplitude in the 
response at the end of the recording duration was not 
8bcAMP-dependent.  
To determine whether this was true for all 
recordings, the normalized and binned SP amplitude and 
initial AP frequency of control and 8bcAMP recordings for 
the three different ZTs were evaluated. In control 
recordings with 10 µg BAL stimuli the SP amplitude and 
the initial AP frequency remained stable over the recording 
duration at ZT 22-1, ZT 1-4 and ZT 8-11 (Fig. 2A,B). Also 
for control recordings with 1 µg BAL stimuli the SP 
amplitude and AP frequency were not affected at ZT 22-1 
and ZT 1-4 (Fig. 3A,B). Only in the controls at ZT 8-11 the 
AP frequency decreased slightly but significantly (Fig. 3B) 
(ANOVA and Tukey HSD post-hoc test; α=0.01, P<0.01). 
In recordings with both 10 and 1 µg BAL stimulation the 
application of 8bcAMP increased the SP amplitude 
significantly at ZT 1-4 and ZT 8-11 but not at ZT 22-1 
(Figs. 2A, 3A). The 8bcAMP-dependent increases were 
significant when compared to the respective controls 
(Student’s t-test for independent samples, P<0.001 or 
Mann-Whitney-Test, P<0.001) and in the analysis of 
differences in the intervals of each affected time course 
(ANOVA and Tukey HSD post-hoc test; α=0.001, P<0.001 
or Mann-Whitney-Test, P<0.01). When comparing the 
increases in recordings with stimulation with 10 µg BAL at 
ZT 1-4 and ZT 8-11 (Fig. 2A), it was observed that the 
increase at ZT 1-4 was 1.3-fold stronger. However, in 
recordings with 1 µg BAL stimulation no significant 
differences in the 8bcAMP-dependent effects between ZT 
1-4 and ZT 8-11 were found (Fig. 3A). In contrast, the 
application of 8bcAMP did not increase the normalized 
initial AP frequency in recordings with both BAL doses and 
during any ZT (ANOVA and Tukey HSD post-hoc test; 
α=0.01, P>0.01 or Mann-Whitney-Test, P>0.01) (Figs. 2B, 
3B). However, in contrast to the control with 1 µg BAL 
stimulation at ZT 8-11, during 8bcAMP application the 
normalized AP frequency was not decreased (Student´s t-
test for independent samples, P<0.001). Furthermore no 
8bcAMP-dependent effects on the transepithelial potential 
(TEP) or on the resistance of the preparation were found 
that correlated with increases of the SP amplitude (data not 
shown). Besides no 8bcAMP-dependent effects on the AP 
amplitude reduction during pheromone responses were 
observed (data not shown). 
To determine the absolute 8bcAMP effects, the 
not-normalized mean SP amplitude (Fig. 4A, Tab. 1) and 
the mean AP frequency (Fig. 4B, Tab. 2) were calculated 
over the absolute values of all responses at each ZT. In the 
control recordings with 10 µg BAL stimulation significant 
decreases in the mean SP amplitude were observed at ZT 1-




Fig. 1: Perfusion with 10 mmol-1 8bcAMP increased the BAL-dependent SP amplitude, without affecting the initial AP frequency. Single 
responses to stimulation with 10 µg BAL at ZT 1-4 from the beginning (A) and end (B) of the recording duration of 180 min were 
compared. The observed increase in the AP amplitude was not 8bcAMP-dependent. 






Fig. 2: 8bcAMP increased the SP amplitude in recordings with 10 µg BAL stimuli at ZT 1-4 and ZT 8-11. Analysis of the normalized and 
binned SP amplitude (A) and initial AP frequency (B) (computed over the first 5 ISI) for recordings with 10 µg BAL stimulation at ZT 
22-1, ZT 1-4 and ZT 8-11. Values are mean + s.e.m. The perfusion with 10 mmol-1 8bcAMP increased the SP amplitude significantly at 
ZT 1-4 and ZT 8-11, when compared to the controls (Student´s t-test for independent samples, P<0.001 or Mann-Whitney-Test, P<0.001) 
and when comparing the intervals within each affected time course (ANOVA and Tukey HSD post-hoc test; α=0.001, P<0.001 or Mann-
Whitney-Test, P<0.01). The 8bcAMP-dependent increase at ZT 1-4 was 1.3-fold stronger than at ZT 8-11. The perfusion with 8bcAMP 
did not affect the initial AP frequency at any ZT. In the control recordings no significant changes in the time course of the SP amplitude 









Fig. 3: In recordings with 1 µg BAL stimuli 8bcAMP increased the SP amplitude but only during the photophase. Comparison of the 
normalized and binned SP amplitude (A) and initial AP frequency (B) for recordings with 1 µg BAL stimulation at ZT 22-1, ZT 1-4 and 
ZT 8-11. Values are mean + s.e.m. The perfusion with 10 mmol-1 8bcAMP increased the SP amplitude with a similar time course and 
strength at ZT 1-4 and ZT 8-11. The increases were significant in comparison to the controls (Mann-Whitney-Test, P<0.001) and when 
comparing the intervals within each affected time course (Mann-Whitney-Test, P<0.01). In the control recordings at ZT 22-1, ZT 1-4 and 
ZT 8-11 no effects on the SP amplitude were observed. In contrast, the AP frequency in the control recordings decreased significantly at 
ZT 8-11, but not at ZT 22-1 or ZT 1-4 (ANOVA and Tukey HSD post-hoc test; α=0.01, P<0.01). Different lower case letters denote 
significant differences between tested groups of mean values. 
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In contrast, in controls with 1 µg BAL stimulation no 
significant differences were found between the three ZTs. 
The perfusion of 8bcAMP in recordings with 10 µg BAL 
stimulation increased the mean SP amplitude significantly 
at ZT 1-4 and ZT 8-11 (Fig. 4A) (Mann-Whitney-Test, 
P<0.001). In  contrast, in 8bcAMP recordings employing  1 
µg BAL the mean SP amplitude was only increased at ZT 
1-4 but decreased at ZT 8-11 (Mann-Whitney-Test, 
P<0.001). As previously shown (Flecke and Stengl, 2009), 
in controls with 10 and 1 µg BAL stimulation significant 
decreases in the mean AP frequency occurred at ZT 8-11 
(Fig. 4B) (Mann-Whitney-Test, P<0.001). Also in 8bcAMP 
recordings with 10 and 1 µg BAL stimulation decreases in 
the mean AP frequency were found at ZT 8-11 (Fig. 4B) 
(Mann-Whitney-Test, P<0.001), confirming the lack of 
8bcAMP-dependent effects on the AP response observed 
for the normalized time courses. In addition, in recordings 
with 10 and 1 µg BAL stimulation 8bcAMP significantly 
increased the mean AP frequency at ZT 1-4 (Mann-
Whitney-Test, P<0.001). Time-dependent changes in the 
mean SP amplitude were not always followed by consistent 
changes in the mean AP frequency, especially at ZT 8-11. 
Although in 8bcAMP recordings with 10 µg BAL 
stimulation an increase in the mean SP amplitude was 
observed at ZT 8-11, the shift to lower mean AP 
frequencies at ZT 8-11 was not antagonized by this 
increase. Also in control recordings with 1 µg BAL 
stimulation the mean AP frequency was significantly 
decreased at ZT 8-11 (Fig. 4B) without a consistent 
decrease in the mean SP amplitude at ZT 8-11 (Fig. 4A). 
The absolute values of the mean SP amplitude and the 
mean AP frequency measured at ZT 22-1 were in the same 
range for all 8bcAMP and control recordings of equal BAL 





Fig. 4: Time- and pheromone-dose-dependent changes for control and 8bcAMP recordings were observed in the not normalized mean SP 
amplitude (A) and mean AP frequency (B) calculated over all responses for ZT 22-1, ZT 1-4 and ZT 8-11. Values are mean + s.e.m. The 
mean SP amplitude in control recordings with 10 µg BAL stimulation was decreased significantly at ZT 1-4 and ZT 8-11 when compared 
to ZT 22-1 (Mann-Whitney-Test, P<0.001). In controls employing 1 µg BAL stimulation no differences were found between the three 
ZTs. The application of 8bcAMP increased the mean SP amplitude in recordings with 10 µg BAL stimulation at ZT 1-4 and ZT 8-11 
(Mann-Whitney-Test, P<0.001). Also in 8bcAMP recordings with 1 µg BAL stimulation a significant increase in the SP amplitude was 
found at ZT 1-4; at ZT 8-11 however a strong decrease in the mean SP amplitude was observed (Mann-Whitney-Test, P<0.001). As 
previously shown (Flecke and Stengl, 2009), in both controls with 10 and 1 µg BAL stimulation significant decreases in the mean AP 
frequency (B) were found at ZT 8-11 when compared to ZT 22-1 (Mann-Whitney-Test, P<0.001). Also in the recordings with 8bcAMP 
application significant decreases in the mean AP frequency were observed at ZT 8-11 for recordings employing 10 and 1 µg BAL stimuli 
(Mann-Whitney-Test, P<0.001). In contrast, 8bcAMP increased the mean AP frequency at ZT 1-4 for recordings with 10 and 1 µg BAL 








control 10 µg BAL 
 
8bcAMP 10 µg BAL 
 
 
control 1 µg BAL 
 




6.39 +/- 0.13 (n=212) 
 
6.52 +/- 0.11 (n=246) 
 
5.64 +/- 0.11 (n=187) 
 
5.92 +/- 0.11 (n=187) 
ZT 1-4 4.72 +/- 0.12 (n=201) 7.34 +/- 0.21 (n=132) 5.76 +/- 0.11 (n=179) 6.47 +/- 0.14 (n=206) 
ZT 8-11 5.24 +/- 0.2 (n=196) 
 




Effects on the AP distribution in BAL responses 
 
Time-dependent differences were also found in the 
distribution of APs in BAL responses. The distribution of 
APs during the first 1000 ms of the responses were 
analyzed by creating PSTHs for each ZT for responses at 
the beginning (0-20 min), middle (80-100 min) and end 
(160-180 min) of the recording duration. The PSTHs were 
analyzed because they include information about the 
temporal resolution of pheromone pulse detection, since 
only ORNs with phasic responses can follow odour pulses 
with high frequencies. First it was examined whether the 
previously observed ZT-dependent shifts in the response 
patterns and in the number of APs in the first 100 ms of the 
responses were affected by 8bcAMP. Then it was 
examined, whether the shift in the response pattern 
with/without 8bcAMP depends on the pheromone 
concentration employed. As previously shown, in control 
recordings with 10 µg BAL stimulation the responses at ZT 
8-11 were shifted from a phasic to a tonic response pattern 
(Fig. 6A) and the number of APs in the first 100 ms 
decreased slightly at ZT 1-4 (Fig. 5B) and strongly at ZT 8-
11 (Fig. 6 AB) (ANOVA and Tukey HSD post-hoc test; 
α=0.01, P<0.01) (Flecke et al., 2006). Also in recordings 
with 1 µg BAL stimulation similar shifts in the response 
distribution and significant decreases in the number of APs 
during the first 100 ms of the responses were found at ZT 
1-4 and ZT 8-11 (Figs. 5AB, 6AB) (ANOVA and Tukey 
HSD post-hoc test; α=0.01, P<0.01 or Mann-Whitney-Test, 
P<0.01). In contrast, under the influence of 8bcAMP at ZT 
1-4 no significant shift to more tonic responses (Fig. 5 A) 
and no decrease in the number of APs in the first 100 ms 
were found with 10 and 1 µg BAL stimulation (Fig. 5B) 
(Mann-Whitney-Test, P>0.01). However, the PSTHs from 
the end of the recording duration (Fig. 5A) and the time 
courses of the number of APs over the first 100 ms of 
8bcAMP and control recordings with 1 µg BAL stimulation 
(Fig. 5B) were not significantly different from each other 
(Mann-Whitney-Test, P>0.05). Only in recordings with 10 
µg BAL stimulation significant differences were found 
between 8bcAMP and control recordings (Mann-Whitney-
Test, P<0.001). These differences resulted from the 
relatively weak responses at the beginning of the 8bcAMP 
recordings and from the fewer repetitions in 8bcAMP 
recordings. In recordings at ZT 8-11, the application of 
8bcAMP did not have a significant effect on the AP 
distribution (Fig. 6 AB). As in the associated control 
recordings also with 10 mmol-1 8bcAMP and 10 µg BAL 
stimuli the AP distribution was shifted from phasic to tonic 
response patterns (Fig. 6A) and the number of APs in the 
first 100 ms of the responses decreased significantly (Fig. 
6B)  (ANOVA and Tukey HSD post-hoc test; α=0.01, 
P<0.01). The PSTHs of 8bcAMP and control recordings 
with 10 µg BAL stimulation from the end of the recordings 
did not differ significantly from each other (Fig. 6A) 
(Mann-Whitney-Test, P>0.05). In addition, no significant 
differences were found in the comparison of the time 
courses of the mean number of APs in the first 100 ms of 
8bcAMP and control recordings with 10 µg BAL stimuli 
(Fig. 6B) (Student´s t-test for independent samples, 
P>0.05). In contrast, in 8bcAMP recordings with 1 µg BAL 
stimulation at ZT 8-11 no clear shift from phasic to tonic 
responses was measured (Fig. 6A). Although, the 
comparison of the PSTHs of 8bcAMP and control 
recordings from the end of the recording duration revealed 
no significant differences (Mann-Whitney-Test, P>0.05), 
no decrease in the number of APs in the first 100 ms was 
found for 8bcAMP recordings. This was due to the 
relatively weak responses at the beginning of the recording 
duration (Fig. 6A). Nonetheless, consistently all PSTHs 
from the end of the recording duration at ZT 8-11 were 
found to show less phasic AP distributions. 
 
Effects on the spontaneous AP frequency 
 
In addition to the effects on the responses to stimulation 
with BAL, 8bcAMP also affected the generation of 
spontaneous APs recorded between the stimulations. In 
recordings at ZT 8-11 and with 1 µg BAL stimulation the 
perfusion with 8bcAMP was followed by a fast increase in 
the normalized spontaneous AP frequency (Fig. 7) (Mann-
Whitney-Test, P<0.01). The 8bcAMP-dependent increase 
in the normalized spontaneous AP frequency was caused by 
equal increases in the number of bursts per bin and the 
number of spikes per bin (Fig. 7) (ANOVA and Tukey 
HSD post-hoc test; α=0.01, P<0.01), without affecting the 
percentage of APs occurring in bursts or the average 
number of APs per burst. All 8bcAMP-dependent effects 
were significant in the comparison to the controls (Mann-
Whitney-Test, P<0.001 or Student’s t-test for independent 
samples, P<0.001). In accordance with recently published 
results (Flecke and Stengl, 2009) (Fig. 8) the normalized 
spontaneous AP frequency was slightly but significantly 
decreased in the control recordings employing 1 µg BAL 
stimuli (Fig. 7) (Mann-Whitney-Test, P<0.01). In addition, 
the number of bursts and the number of spikes were 
decreased significantly in the controls (ANOVA and Tukey 
HSD post-hoc test; α=0.01, P<0.01). Also in the controls 
with 10 µg BAL stimulation the normalized spontaneous 
AP frequency, the number of bursts per bin and the number 




control 10 µg BAL 
 
8bcAMP 10 µg BAL 
 
 
control 1 µg BAL 
 




191.65 +/- 5.54 (n=188) 
 
184.35 +/- 3.83 (n=243) 
 
186.38 +/- 3.45 (n=225) 
 
186.1 +/- 4.47  (n=181) 
ZT 1-4 173.57 +/- 3.87 (n=283) 221.34 +/- 3.91 (n=144) 186.61 +/- 3.51 (n=216) 202.1 +/- 5.24 (n=200) 
ZT 8-11 143.37 +/- 4.68 (n=191) 
 
144.85 +/- 5.18 (n=204) 112.87 +/- 3.29 (n=251) 117.23 +/- 4.12 (n=164) 
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of spikes per bin decreased significantly (Fig. 8) (Mann-
Whitney-Test, P<0.001). In recordings with 8bcAMP 
perfusion employing 10 µg BAL no significant increase 
was found for the normalized spontaneous AP frequency. 
However, the 8bcAMP-dependent, stable time courses of 
the normalized spontaneous AP frequency and the number 
of spikes per bin differed significantly from the parameters 




Fig. 5: Perfusion with 8bcAMP did not the affect the kinetics of BAL responses at ZT 1-4. PSTHs (A) from the beginning (0-20 min), 
middle (80-100 min) and end (160-180 min) for recordings with 10 (left) or 1 µg (right) BAL stimulation at ZT 1-4 and the mean (+ 
s.e.m.) of the normalized number of APs (B) elicited in the first 100 ms of the responses for 180 min of the recording duration at ZT 1-4. 
In the control recordings with 10 and 1 µg BAL stimulation a slight shift from phasic to tonic responses and also a decrease in the number 
of APs in the first 100 ms was found (ANOVA and Tukey HSD post-hoc test; α=0.01, P<0.01). In recordings with application of 
8bcAMP at both doses no significant variations over the recording duration were observed in the AP distribution and in the number of 
APs in the first 100 ms of the responses. The PSTHs from the end of the recordings of both 8bcAMP- and control recordings with 1 µg 
BAL stimulation and the time courses of the number of APs in the first 100 ms of both data sets were not significantly different from each 
other (Mann-Whitney-Test, P>0.05). Only between 8bcAMP- and control recordings with 10 µg BAL stimulation significant differences 
were found (Mann-Whitney-Test, P<0.001), that are the result of the weak BAL responses and the lower number of repetitions in the 
8bcAMP recordings. Different lower case letters denote significant differences between tested groups of mean values. 
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 To determine whether 8bcAMP affected the mean 
spontaneous AP frequency calculated for the whole data set 
at each ZT, different ZTs of control and 8bcAMP 
recordings were compared (Fig. 9). In the control 
recordings with 10 and 1 µg BAL stimuli significant and 
gradual decreases in the mean spontaneous AP frequency 
occurred at ZT 1-4 and ZT 8-11 (Fig. 9A) (Mann-Whitney-
Test, P<0.001). Perfusion with 8bcAMP antagonized this 
shift at ZT 1-4 and ZT 8-11, since no significant differences 
were found between the three ZTs for 8bcAMP recordings 
with 10 and 1 µg BAL stimulation. In addition, OA 
counteracted the decrease to a lower mean spontaneous AP 
frequency at ZT 1-4 and significantly increased the mean 
spontaneous AP frequency at ZT 8-11 (Fig. 9A) (Mann-
Whitney-Test, P<0.001). To analyze the origin of the 
effects on the mean spontaneous AP frequency the mean 
number of bursts per bin (Fig. 9B) and mean number of 
spikes per bin (Fig. 9C) were evaluated for the three ZTs. In 
accordance to the shift of the mean spontaneous AP 
frequency, the mean number of bursts (Fig. 9B) and the 
mean number of spikes (Fig. 9C) were significantly 
decreased in control recordings with 1 µg BAL stimuli at 
ZT 1-4 and ZT 8-11 (Mann-Whitney-Test, P<0.001). In 
control recordings employing 10 µg BAL stimulation the 
decreases in the mean number of bursts and spikes were 
only significant at ZT 8-11. The application of 8bcAMP 
antagonized the shift to lower mean number of burst (Fig. 
9B) and spikes (Fig. 9C) in recordings with both stimulus 
doses, since no significant differences were found between 
the three ZTs. Furthermore, OA counteracted the shift to 
lower mean number of bursts (Fig. 9B) and spikes (Fig. 9C) 
at ZT 1-4 and significantly increased both parameters at ZT 
8-11. The OA-dependent increase in the mean number of 
bursts was 1.4-fold stronger than the increase in the mean 
number of spikes. No significant differences between the 
ZTs were found for the mean average APs per burst and the 




To investigate whether 8bcAMP mimics OA-dependent 
disadaptation of ORNs of M. sexta during the photophase 
and to examine the role of cAMP in pheromone 
transduction long-term tip recordings were performed at 
three ZTs (ZT 22-1, ZT 1-4 and ZT 8-11) and at two 
different BAL doses. Perfusion with 8bcAMP increased the 
normalized SP amplitude in responses to stimulation with 
10 and 1 µg BAL in recordings at ZT 1-4 and ZT 8-11, but 
not at ZT 22-1. In addition, 8bcAMP increased the mean SP 
amplitude calculated over the absolute values at ZT 1-4 and 
ZT 8-11 for recordings with 10 µg BAL stimulation and at 
ZT 1-4 for recordings employing 1 µg BAL. In contrast, 
8bcAMP did not affect the normalized initial AP frequency, 
the distribution of APs in responses to stimulation with 
BAL and did not antagonize the shift to lower mean AP 
frequencies at ZT 8-11. Furthermore, 8bcAMP increased 
the normalized spontaneous AP frequency in recordings 
with 1 µg BAL stimulation at ZT 8-11 by increasing both 
the number of spikes and the number of bursts. 8bcAMP 
also affected the mean spontaneous AP activity by 
antagonizing shifts to lower mean spontaneous AP 
frequencies, to lower number of bursts and to lower number 
of spikes at ZT 1-4 and ZT 8-11. In addition, perfusion with 
OA antagonized shifts to lower mean spontaneous AP 
frequencies at ZT 1-4 and strongly increased the mean 
spontaneous AP frequency at ZT 8-11 by predominantly 
increasing the mean number of bursts. 
 
8bcAMP affects pheromone transduction but does not 
mimic all OA effects 
 
To our knowledge, we showed for the first time that cAMP 
is involved in the modulation of the SP of single 
pheromone-sensitive trichoid sensilla of a moth species. 
Our results are in agreement with a previous study which 
showed that perfusion with cAMP, with its analouges or 
phosphodiesterase inhibitors increased pheromone-
dependent EAG amplitudes in antennae of A. polyphemus 
(Villet, 1978). Also in D. melanogaster evidence was found 
for cAMP-dependent modulation of insect odour 
transduction. It was shown that in dunce-mutants, which 
overexpressed a cAMP-phosphodiesterase, rise-time 
kinetics in EAG recordings (Martín et al., 2001) were 
slowed down and the sensitivity to acetone and ethanol in 
behavioural y-maze experiments was decreased (Gomez-
Diaz et al., 2004). Recently, we showed that application of 
OA with the same experimental protocol increased the SP 
amplitude even stronger than 8bcAMP but with a similar 
time course (Flecke and Stengl, 2009). In contrast to 
8bcAMP, OA also increased the normalized initial AP 
frequency, antagonized an endogenous shift to lower mean 
AP frequencies at ZT 8-11 and antagonized an endogenous 
shift to more tonic pheromone responses at ZT 8-11 (Flecke 
and Stengl, 2009). Thus, the application of 8bcAMP only 
partly mimics the OA-dependent effects. The majority of 
insect OA receptors were shown to be positively coupled to 
adenylyl cyclases (Evans and Maqueira, 2005; Farooqui, 
2007). In addition an OA-receptor was cloned from M. 
sexta and localized in the antennae (Dacks et al., 2006). The 
receptor was not pharmacologically characterised yet, but 
has a high sequence-similarity to other insect OA α-
adrenergic-like receptors, that were shown to increase both 
intracellular cAMP- and Ca2+-levels. Therefore, and due to 
the similarity of 8bcAMP- and OA-dependent effects on the 
SP it is likely that the involved OA receptor also activates 
an adenylyl cyclase. 
 Next to the modulation of odour transduction 
cAMP might also be directly involved in the odour 
transduction of some general odours in the fruit fly as was 
suggested by Wicher et al. (2008). In D. melanogaster the 
stimulation of the heterologously expressed olfactory 
receptor OR22a activated an adenylyl cyclase. Increased 
levels of cAMP then activated the ubiquitous OR83b 
inducing an additional inward current. Thus, the cyclic 
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nucleotide sensitive binding site on OR83b is a potential 
target for 8bcAMP- and OA-dependent modulation of the 
primary olfactory transduction process not only of general 
odours but also of pheromones. Although the cAMP-
dependent current observed by Wicher et al (2008) showed 
a very late activation after the stimulation (peak at 60 s) it is 
possible that this current also contributes to the generation 




Fig. 6: Perfusion with 8bcAMP did not affect the endogenous shift to tonic BAL responses at ZT 8-11. PSTHs (A) from the beginning 
(0-20 min), middle (80-100 min) and end (160-180 min) of the recording duration for recordings with 10 (left) or 1 µg (right) BAL 
stimulation at ZT 8-11. In the controls AP responses to both BAL doses showed a strong shift from phasic to tonic response patterns. 
Also the mean (+ s.e.m.) of the number of APs which occurred in the first 100 ms of the responses (B) were significantly decreased 
(ANOVA and Tukey HSD post-hoc test; α=0.01, P<0.01 or Mann-Whitney-Test, P<0.01). During 8bcAMP application a comparable 
and significant shift to tonic responses and a decrease in the number of APs in the first 100 ms was only found in recordings with 10 µg 
BAL stimuli (left) (ANOVA and Tukey HSD post-hoc test; α=0.01, P<0.01). Although in recordings with 1 µg BAL stimulation the 
PSTHs of 8bcAMP and control recordings from the end of the recordings were not significantly different (Mann-Whitney-Test, 
P>0.05), due to the weak responses at the beginning of the 8bcAMP recordings no decrease in the number of APs in the first 100 ms 
was observed. Different lower case letters denote significant differences between tested groups of mean values. 
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the slow modulation of the primary transduction process. 
This assumption is further supported by another study, 
which showed that inhibitors of adenylyl cyclases and of G-
proteins had no influence on the initial maximal Ca2+- 
increase after odour stimulation but significantly affected 
the rectification to baseline levels at a point in time after 
stimulation when the cAMP-dependent current was shown 
to occur (Smart et al., 2008; Wicher et al., 2008). In 
addition, it is still unknown whether this cAMP-dependent 
current also is involved in odour transduction in vivo and 
whether the OR83b analogue MsextaOR2 (Patch et al., 
2009) also has a cAMP-sensitive binding site.  
Next to a direct cAMP-dependent modulation of 
ion channels cAMP might also act indirectly via a protein 
kinase A, phosphorylating cation channels in the outer 
dendritic segment. This could provide more potential 
targets, finally resulting in an increased receptor current. So 
far, an apparently directly cAMP-dependent nonspecific 
cation channel and a cAMP-dependent Ca2+-channel were 
identified in M. sexta (Krannich and Stengl, 2008), next to 
cation and potassium channels (Dolzer, 2002). Preliminary 
experiments with the application of 1 mmol l-1 serotonin 
showed no effects, thus the upregulation of cAMP via a 
pathway involving serotonin receptors is unlikely 
(unpublished results). 
An additional explanation for the increases in the 
SP amplitude could be an effect of 8bcAMP on V-ATPases 
located in the accessory cells of trichoid sensilla of moth 
species (Klein and Zimmermann, 1991; Klein, 1992; 
Beyenbach and Wieczorek, 2006). For M. sexta it was 
shown that in the epithelium of the midgut the H+ gradient 
created by the activity of V-ATPases powers a K+/nH+ 
antiporter which builds up the high K+ concentration in the 
extracellular space necessary for the generation of the TEP 
(Wieczorek et al., 1991; Wieczorek, 1992; Wieczorek et al., 
2003). Also the TEP in trichoid sensilla of moth is 
supposed to be generated by an active K+ transport through 
the apical membranes of the accessory cells into the 
sensillum lymph cavity (Thurm, 1972; Thurm, 1974). The 
high K+ concentration in the sensillum lymph causes a 
potential difference between the sensillum lymph and the 
hemolymph. This potential difference is assumed to add to 
the membrane potential of the outer dendrites. In addition, 
it was shown, that the application of cAMP and forskolin 
on salivary glands of the blowfly significantly increased V-
ATPase activity (Dames et al., 2006) and altered the TEP 
(Prince and Berridge, 1972; Berridge and Prince, 1972). 
Thus, it is possible that cAMP modulated the V-ATPase 
activity in accessory cells, finally increasing the driving 
force for the SP. If V-ATPases in accessory cells of M. 
sexta in fact are cAMP-sensitive and if changes in the TEP 
could indirectly regulate the amplitude of the SP remains to 
be studied. 
 
SP amplitude increase without strong effects on the AP 
frequency 
 
8bcAMP strongly affected the normalized SP amplitude at 
ZT 8-11 and ZT 1-4 but had only minor effects on the 
generation of BAL-dependent APs. In addition, 8bcAMP 
did not antagonize the endogenous shift to lower mean AP 
 
 
Fig. 7: In recordings at ZT 8-11 employing 1 µg BAL stimuli 
perfusion with 8bcAMP significantly increased the normalized 
spontaneous AP frequency, the number of bursts per bin and the 
number of spikes per bin with very similar time courses (Mann-
Whitney-Test, P<0.01 or ANOVA and Tukey HSD post-hoc test; 
α=0.01, P<0.01). In contrast, in the associated controls slight but 
significant decreases were found for the spontaneous AP 
frequency, the number of bursts per bin and the number of spikes 
per bin (Mann-Whitney-Test, P<0.01 or ANOVA and Tukey HSD 
post-hoc test; α=0.01, P<0.01). Values are mean + s.e.m. Different 
lower case letters denote significant differences between tested 
groups of mean values. 
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frequencies at ZT 8-11. In contrast to OA, 8bcAMP had 
only negligible effects on the pheromone pulse resolution 
of the ORNs and did not antagonize an endogenous shift to 
more tonic responses at ZT 8-11. Only at ZT 1-4 in 
recordings with 1 and 10 µg BAL stimuli increases in the 
mean SP amplitude were followed by increases in the mean 
AP frequency. Remarkably, the increase in the normalized 
SP amplitude, which is apparently due to a further 
depolarization of the dendrite, was not transformed into an 
equal/comparable elevation of the normalized AP 
frequency. Thus, either the 8bcAMP-dependent 
augmentation of the receptor current did not reach the AP 
triggering zone or an additional adaptation mechanism 
prevented the increase in the normalized AP frequency. 
Previous investigations of adaptation processes in trichoid 
sensilla of M. sexta indicated the existence of additional 
adaptation mechanisms at the level of the AP response 
(Dolzer et al., 2003). This is further supported by 
experiments in which the application of 8bcGMP only 
affected the AP response, but not the SP (Flecke et al., 
2006). Furthermore, 8bcAMP did not increase the mean AP 
frequencies at ZT 8-11, although with 10 µg BAL an 
increase in the mean SP amplitude was found at this ZT. It 
remains to be examined whether the SP amplitude is 
additionally attenuated during the propagation towards the 
AP generator e.g. via an 8bcAMP-dependent activation of a 
hyperpolarization-activated cyclic nucleotide-gated (HCN, 
Ih) cation channel or other cyclic nucleotide sensitive 
channels which could decrease the input resistance locally 
as was shown for ORNs in the vomeronasal organ 
(Dibattista et al., 2008). In contrast to 8bcAMP, OA and 
tyramine increased both the SP amplitude and the AP 
frequency in tip recordings of trichoid sensilla (Flecke and 
Stengl, 2009). Thus, probably OA and  tyramine  activate  
more than  one potential signalling  pathway, affecting both 
the generation of the SP and its conversion into APs. 
Several insect OA-receptors were found to 
increase both the level of cAMP and Ca2+ (Han et al., 1998; 
Bischof and Enan, 2004; Balfanz et al., 2005; Ohtani et al., 
2006; Grohmann et al., 2003). In most cases it was shown 
that these Ca2+-increases were independent of extracellular 
Ca2+-concentrations, suggesting an inositol-1,4,5- 
triphosphate (IP3) dependent release of Ca2+ from 
intracellular stores. Thus, the second potentially OA-
dependent pathway could involve the activation of a 
phospholipase C, increasing the level of IP3 and Ca2+, 
which could be followed by a protein kinase C dependent 
phosphorylation of ion channels involved in AP generation. 
The 8bcAMP-dependent effects were rather slow, evolving 
during the first hour of the recordings. On this time scale a 
slow modulation due to a Ca2+-increase appears to be 
possible. However, it is unlikely that such a process is 
involved in fast concentration-dependent in- or decreases in 
the AP frequency due to changes in the SP amplitude. 
 
Effects on the spontaneous AP frequency 
 
Perfusion with 8bcAMP increased the normalized 
spontaneous AP frequency in  recordings  with 1 µg BAL 
stimulation at ZT 8-11, but not in recordings with 10 µg 
BAL   stimuli,  which  is  most   likely   due   to   the  weak 
8bcAMP-effect on  the  normalized  values  in  these  
 
 
Fig. 8: In recordings at ZT 8-11 employing 10 µg BAL stimuli 
perfusion with 8bcAMP antagonized a decrease of the normalized 
spontaneous AP frequency. In the controls the normalized 
spontaneous AP frequency, the number of bursts per bin and the 
number of spikes per bin decreased slightly but significantly 
(Mann-Whitney-Test, P<0.001). The stable 8bcAMP-dependent 
time courses of the normalized spontaneous AP frequency and the 
number of spikes per bin were shown to be significantly different 
from the controls (Mann-Whitney-Test, P<0.01). Values are mean 
+ s.e.m. Different lower case letters denote significant differences 




recordings. In contrast to recently published OA-dependent 
effects on the spontaneous  AP activity  (Flecke and Stengl, 
2009), 8bcAMP increased both the number of bursts and 
the number of spikes and did not affect the ratio of APs 
occurring as single spikes or in bursts nor did 8bcAMP 
increase the average number of APs per burst. In addition, 
8bcAMP only antagonized the shift to lower mean 
spontaneous AP frequencies at ZT 1-4 and ZT 8-11, while 
OA strongly increased the mean spontaneous AP 
frequencies at ZT 8-11. OA appears to predominantly affect 
the burst behaviour of the ORNs, whereas 8bcAMP affects 
the generation of APs occurring as single spikes or in bursts 
to the same extent. If the hypothesis is correct that OA 
activates an adenylyl cyclase, additional targets might be 
activated by OA, which would lead to a further 
enhancement of the effects on the burst behaviour, as the 
1.4-fold stronger OA-dependent effect on the mean number 
of bursts at ZT 8-11 suggests. Possibly, an OA-dependent 
additional increase in the intracellular Ca2+-levels could 
affect endogenous oscillations in the Ca2+-concentrations, 
which might affect bursts.  
The 8bcAMP-dependent increase in the 
spontaneous AP frequency alone can be explained by the 
activation of a HCN cation channel. Ih currents were shown 
to be involved in the generation of spontaneous pacemaker 
activity and in the control of the resting potential (Robinson 
and Siegelbaum, 2003). Recently Dibattista et al. (2008) 
showed that blocking of Ih channels or blocking of adenylyl 
cyclases in ORNs of the vomeronasal organ decreased the 
resting potential and increased the current threshold to elicit 
APs. In addition, a decrease of the spontaneous AP activity 
by the blocking of an Ih current was observed in ORNs of 
Panulirus argus (Gisselmann et al., 2005). In contrast, the 
activation of adenylyl cyclases by forskolin increased the 
resting potential in ORNs of the vomeronasal organ by 9 
mV (Dibattista et al., 2008) and in somatosensory neurons 
the elevation of cAMP increased the AP frequency after 
depolarizing steps due to an Ih-dependent increase in the 
membrane potential (Momin et al., 2008). Thus, cAMP-
dependent changes in the gating of HCN channels were 
suggested to control the spontaneous activity of ORNs. The 
cAMP-dependent opening of Ih channels in ORNs of M. 
sexta might decrease the current threshold to evoke APs 
and thus would lead to an increase of the spontaneous AP 
frequency. Also in ORNs of moths Ih channels were 
identified. A HCN channel was cloned, electrophysio-
logically characterized and located in ORNs of Heliothis 
virescens (Krieger et al., 1999). For M. sexta cyclic 
nucleotide activated Ih currents were observed in patch 
Fig. 9: Both 8bcAMP and OA antagonized endogenous shifts to a 
lower spontaneous AP activity during the photophase. The mean 
spontaneous AP frequency calculated over the absolute values for 
ZT 22-1, ZT 1-4 and ZT 8-11. All values are mean + s.e.m. Both 
in control recordings with 10 and 1 µg BAL stimulation the mean 
spontaneous AP frequency decreased gradually at ZT 1-4 and ZT 
8-11 (Mann-Whitney-Test, P<0.001). In contrast, application of 
8bcAMP in recordings with both BAL doses antagonized this shift 
at ZT 1-4 and ZT 8-11. The application of 1 mmol l-1 OA 
antagonized the decrease at ZT 1-4 and increased the mean 
spontaneous AP frequency significantly at ZT 8-11 (Mann-
Whitney-Test, P<0.001). Significant decreases in the mean 
number of bursts per bin and the mean number of spikes per bin 
were found at ZT 8-11 for controls with 10 µg BAL stimulation 
and at ZT 1-4 and ZT 8-11 for controls employing 1 µg BAL 
(Mann-Whitney-Test, P<0.001). 8bcAMP antagonized the shift to 
lower mean number of bursts and mean number of spikes per bin. 
In addition, OA increased the mean number of bursts and spikes 
per bin significantly at ZT 8-11 (Mann-Whitney-Test, P<0.001). 
The OA-dependent increase in the mean number of bursts per bin 
was 1.4-fold stronger than the increase in the mean number of 
spikes per bin. Different lower case letters denote significant 
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clamp recordings of cultured ORNs (Krannich, 2008). It 
remains to be studied whether Ih channels are indeed 
responsible for the setting of the resting potential and if 
they are involved in the control of the spontaneous activity 
in M. sexta ORNs. 
Furthermore, 8bcAMP might affect the 
spontaneous activity via direct interaction with the putative 
OR83b analogue MsextaOR2 (Patch et al., 2009). Olfactory 
sensilla lacking OR83b receptors showed very little or no 
spontaneous AP activity (Larsson et al., 2004). In addition 
OR83b was activated after 8bcAMP application (Wicher et 
al., 2008) and the receptor complex consisting of OR47a 
and OR83b was shown to be spontaneously active (Sato et 
al., 2008). It is still unknown what physiological relevance 
the observed changes in the spontaneous AP frequency 
could have. 
 
Time-dependency of 8bcAMP effects 
 
Here, it was shown for the first time that cAMP is involved 
in the time-dependent modulation of insect odour 
transduction, possibly OA-dependently. Several earlier 
studies investigated the role of biogenic amines in the 
circadian regulation of the sensitivity of moths ORNs to 
pheromone. In M. sexta the level of OA in the hemolymph 
is regulated in a circadian rhythm with a maximum during 
the scotophase when the nocturnal moths showed maximal 
mating behaviour and with low levels during rest in the 
photophase (Lehman, 1990; Lingren et al., 1977). Also for 
Trichoplusia ni time-dependent changes in the OA levels in 
the hemolymph and brain were found which correlated with 
behavioural rhythms (Linn Jr et al., 1994; Linn Jr et al. 
1996). In addition, OA perfusion increased the SP 
amplitude time-dependently with a maximum effect at ZT 
8-11, but not at ZT 22-1 (Flecke and Stengl, 2009). OA 
application counteracted an endogenous desensitization 
occurring during the photophase, thus it was ineffective in 
the scotophase when the moths were maximally sensitive 
(Flecke and Stengl, 2009). In accordance with the time-
dependency of the OA effects 8bcAMP increased the SP 
amplitude during the photophase but not during the 
scotophase and antagonized an endogenous shift to lower 
mean SP amplitudes in recordings with 10 µg BAL 
stimulation at ZT 1-4 and ZT 8-11. Furthermore, both OA 
and 8bcAMP antagonized an endogenous shift to lower 
mean spontaneous AP frequencies during the photophase. If 
the variations in the endogenous cAMP levels are 
correlated with the rhythms in OA concentrations, 8bcAMP 
could also be solely effective during low cAMP 
concentrations. However, there are also discrepancies 
between the time-dependency of OA and 8bcAMP effects. 
While the 8bcAMP-dependent increases with 1 µg BAL 
stimulation were almost equal in amplitude between ZT 1-4 
and ZT 8-11, OA strongly increased the SP amplitude only 
at ZT 8-11, suggesting a time-dependent desensitization of 
OA receptors or adenylyl cylcases. In addition the 
8bcAMP-dependent effect on the mean spontaneous AP 
frequency at ZT 8-11 was much weaker than the OA effect, 
suggesting an additional OA-dependent and time-dependent 
mechanism. Therefore, we currently investigate whether 
cAMP concentrations express a circadian rhythm and 
whether OA stimulates adenylyl cyclases time-dependently 
in the antenna of M. sexta. 
 In addition, our results add new evidence to the 
assumption that in moths circadian changes in the 
sensitivity to pheromone are also regulated at the periphery. 
In D. melanogaster circadian rhythms in EAGs are 
controlled by independent peripheral antennal pacemaker 
neurons (Tanoue et al., 2004). Furthermore these rhythms 
depended on G protein receptor kinase controlled 
accumulation of olfactory receptors in the dendrite of the 
sensilla (Tanoue et al., 2008). Also in moths circadian 
rhythms in EAGs and in the expression of olfactory 
receptors and different clock proteins in antenna were 
discovered (Merlin et al., 2007). For M. sexta PERIOD-like 
immunoreactivity was found in ORNs and their supporting 
cells (Schuckel et al., 2007), hinting that pheromone-
sensitive ORNs are peripheral circadian pacemakers. This 
assumption is further supported by the finding of time-
dependent differences in the strength and temporal 
resolution of BAL responses of single ORNs (Flecke and 
Stengl, 2009) and time-dependent endogenous changes in 
the SP amplitude, as shown here. Furthermore, we showed 
for the first time that ORNs adapt on the level of the 
spontaneous AP activity with beginning of the photophase. 
Interestingly, time-dependent changes in the spontaneous 
AP activity correlated with endogenous changes in the 
temporal resolution which were OA-, but not 8bcAMP-
dependent. All these data suggest that also in M. sexta 
pheromone sensitivity and temporal resolution are 
controlled by a circadian clock at the periphery. Whether all 
ORNs in M. sexta are peripheral circadian pacemakers 
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